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Abstract 
Existing sports footwear has little consideration of performance from an engineering 
perspective. Many sports shoes are designed for fashion over function. Existing developments 
in sports shoe development include energy return that helps to improve performance. A few 
shoes have been developed based on this with great success. Just prior to the commencement 
of this project directional energy transfer was mentioned in an academic paper for the first time. 
Note that energy is a scalar quantity that in itself has no direction. The terminology relating 
energy to a direction is referring to the direction of deflection. When the force acting in this 
direction to produce the deflection is multiplied by the amount of deflection, the result is the 
energy of the interaction.  In the literature directional energy transfer has been discovered, 
however significant further research was required to allow for the widespread adoption of the 
technology. The existing literature gives a preliminary theoretical look at an idealised 
directional energy transfer system and demonstrated how an existing shoe structure (the Adidas 
bounce tube) may be optimized. 
This study aims to develop the understanding of directional energy transfer to the level of a 
thorough understanding about the nature of directional energy transfer and to map out how the 
technology can be applied and optimised in sports shoes. 
To accomplish this aim, a thorough survey was conducted in order to categorize the various 
theoretical models that are capable of delivering directional energy transfer. The mathematical 
models for these categories are developed to allow for understanding and optimisation of any 
directional energy transfer system. The optimisation of directional energy transferred was 
researched in greater depth than ever before. By measuring the real world properties of an 
Adidas bounce tube this investigation produced a real world quantification of the possible 
benefit of the technology to an existing shoe. The investigation also delved deeper into a number 
of suitable parameters used to measure directional energy transfer. The effect of running 
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conditions on these parameters was thoroughly investigated. Having established the procedure 
of optimisation in various circumstances, the investigation developed solutions to the challenge 
of finding a simple and practical structure capable of delivering directional energy transfer. The 
investigation conducted a survey into the curvature of shoes while walking at different speeds. 
Designs were developed for a directional energy transfer prototype shoe and prototypes 
intended to confirm the performance advantage of the technology. The investigation closed 
with a discussion about how the technology could be further developed into a production shoe. 
There were a number of key results from the research conducted. Development of 
experimental models confirmed the practical possibility of directional energy transfer in 
running shoes. A four bar linkage was demonstrated to be capable of performing as a practical 
method to deliver directional energy transfer. The survey into the curvature of shoes while 
walking at different speeds allowed for the development of solutions to shoe design that are 
ergonomic and deliver directional energy transfer. The prototype shoes were tested and proved 
to deliver significant directional energy transfer. 
Overall, greater understanding of directional energy transfer was developed allowing the 
reader to understand and apply optimisation and design techniques. This can lead to improved 
athletic performance. 
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1. Introduction 
1.1. Overview 
Directional Energy Transfer is a new and promising technology that improves runner 
performance. By utilising the potential energy of the shoe compression generated as force and 
displacement in the vertical direction the designer is able to create forward force and 
displacement of the shoe by using an appropriate shoe structure. 
The aim of this document is to explain the concept of directional energy transfer in the 
context of the broader literature and explain how directional energy transfer can be incorporated 
into running shoes. This document describes progress in the development of this PhD project 
based around this newly discovered technology. The discovery was made by Prof. Franz 
Constantin Fuss. Significant original investigation by the author shall form the basis for this 
thesis. The following flowchart outlines the way this project was constructed fully. 
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Figure 1   Project structure 
The chosen approach has been chosen to meet the existing understanding of Directional 
energy transfer and associated topics and then build on that understanding with experiments 
and simulations. The research questions have been strategically selected to ensure that 
answering them provides the significant contribution to knowledge intended by the thesis. For 
this a thorough understanding of the previously existent state of knowledge is required. This is 
established by an extensive literature review. The widely understood topics of Energy return 
and Directional energy return are also investigated because they provide a foundation upon 
which to understand Directional Energy Transfer and a context for how the technology relates 
to present understanding of running shoe design. The research questions selected stimulate four 
areas of investigation. A thorough exposition of possible mechanisms is the first important step 
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to understanding how to systematically develop a running shoe optimised for Directional 
Energy Transfer. This feeds into further development of an optimised shoe utilising directional 
energy transfer to further understand the optimisation process and answer questions like ‘what 
exactly do we optimise?’. This then feeds into the development and testing of 1 and 2 degree 
of freedom prototype structures to establish whether the previously investigated optimisation 
process could be applied to other physical structures. This logically leads to the selection of a 
most simple and effective solution. In the case of this project this has lead the way to the 
investigation of the four bar linkage mechanism to deliver Directional Energy Transfer and 
optimise it. This then leads to the manufacture and testing of a shoe prototype. 
The aims of this project are: 
1) Develop mathematical/numerical models of different energy transfer systems 
(mechanisms) to predict how much energy is transferred from one direction to another 
direction by simulating the forces applied to a shoe sole or sports surface during running, 
and to optimise energy transfer through parametric optimisation. 
2) Develop a classification system for energy transfer systems (mechanisms). 
3) Develop a test method to quantify the efficiency of energy transfer in structures and 
systems. 
4) Manufacture structures (shoe soles) for directional energy transfer based on the results 
of Aim 1 and 2 and test them with the method developed in Aim 3.  
5) Develop a shoe sole with optimised energy transfer as well as a new type of sports shoe 
prototype. 
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1.1. Objective and research questions 
The main objective of the project was to explore the potential and application of directional 
energy transfer in running shoes. In order for this to be achieved the project has been structured 
to answer the following key research questions in order of increasing complexity: 
1. Are there any examples of directional energy transfer available in existing sports shoes? 
2. How do you best measure directional energy transfer? 
3. What type of shoe/material construction is best for directional energy transfer? 
4. How can a shoe be optimised to maximise directional energy transfer? 
5. How much of a difference can directional energy transfer make?  
6. Can the concept of directional energy transfer be applied to running shoes to improve athlete 
performance? 
 
1.2. Scope 
The project will focus on the principle of directional energy transfer and the best way to 
design structures to best assist athletes. The objectives of this project are: 
• To understand how directional energy transfer can be incorporated into a shoe and 
how to optimise it based on structural parameters. 
• To determine if directional energy transfer improves runner performance. 
• To classify systems of energy transfer based on relevant parameters. 
• To manufacture a functioning prototype to assess the effect. 
This thesis shall follow the following logical sequence. Each section shall flow smoothly 
and rationally to the next. 
Chapter 2 (Literature review) provides a broad overview of the pre-existing literature related 
to the topic. Related topics are presented, followed by an explanation about what was previously 
understood about directional energy transfer. This is essential for the reader to understand in 
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order to be aware of what constitutes original contribution and how it fits into what is already 
known. 
In chapter 3 (Mechanical models for directional energy transfer) a full exposition of the 
range of possible mechanisms that can theoretically be used to deliver directional energy 
transfer. Understanding the broad range of possible design solutions allows the reader to have 
a clear idea about how a system can be designed to deliver directional energy transfer. 
In chapter 4 (Prototype mechanisms) the most practical design solutions from the previous 
chapter for the production of directional energy transfer are tested to gauge mechanism 
functioning. Once this potential has been established the thesis can then look at potential for 
optimisation. This is essential to verify the functioning of practical real world mechanisms. 
In chapter 5 (Optimisation for directional energy transfer) the nature of how to optimise a 
system for directional energy transfer is investigated the effect of the variables associated with 
footwear is investigated. This chapter explores how a designer can optimise a shoe to assist the 
reader understand the considerations of design for directional energy transfer. 
In chapter 6 (Four bar linkages) the most practical design solution is investigated. In order 
to design a shoe that incorporates a four bar linkage there are some areas of research that need 
to be explored. This chapter does that. 
In chapter 7 (Shoe curvature) with a view to transferring the mechanism into something 
than can worn on the feet, the curvature of shoes is investigated. This includes a look at how a 
four bar linkage shoe could allow for curvature. 
In chapter 8 (Prototype shoe design) the design of a prototype shoe is undertaken. This chapter 
explains how the prototype has been designed and the rationale thereof. 
In chapter 9 (Shoe commissioning and testing) the shoe prototype is configured ready for testing 
complete with sensors and tested with an athlete. This chapter explains the process of 
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commissioning and testing to help the reader understand how the functioning of directional 
energy has been established. 
In chapter 10 (The commercialisation process) the possible pathways to commercialisation of 
the discovered technology are discussed. This is vital to efficiently assisting the reader 
understand how the market for this new technology may emerge. 
In chapter 11 (Conclusions and recommendations) the thesis is summarised and information for 
future investigators is provided. 
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2. Literature review 
2.1. Overview 
This chapter aims to give a thorough overview of the existing body of academic knowledge 
in relation to directional energy transfer. It first looks at energy and relates the project to 
sciences existing understanding about the nature of energy. It then looks at shoe concepts that 
are in the existing shoe market with a focus on those concepts with some similarity to directional 
energy transfer. It then looks at viscoelasticity, energy return and the typical forces in running. 
The chapter concludes with a look at the body of knowledge previously discovered on 
directional energy transfer. 
 
2.2. Energy 
Life is a dance of Energy and the flow from one form to another driven by the fundamental 
forces within the Universe. All matter is a form of energy. Such a form involves atoms and their 
subatomic constituents and has properties such as mass etc. These precepts are well known to 
science. In any study it is important to make some assumptions to limit the scope of 
investigation. A common assumption is that matter is in such a state that it is unaltered in 
chemical and nuclear form during observation.  This study is no different. With the use of 
instrumentation an observer can take measurements which quantify specific forms of energy. 
This act also requires a system of units. This is a way of quantifying a property based on a 
relative measurement compared to an identified benchmark. This study shall use the SI system 
as it is widely recognized. Energy can be calculated for any particle or system of particles. The 
energy is itself dependant on the state that the particles are in and how they are interacting with 
the system they are a part of. There are many forms of energy: kinetic, acoustic, thermal, 
potential, electromagnetic, chemical etc. Energy can change in form and is always conserved 
in any closed system. No exception to this has ever been documented over macroscopic time 
periods. The form of energy can be altered in an almost infinite array of possible ways, for 
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example Hydrogen can be burned to release thermal energy etc. Energy is a directionless scalar 
quantity. It can be useful to consider energy with some association to a direction in some. For 
example a photon of light is a discrete packet of electromagnetic energy that travels in free 
space in a well prescribed direction. Another case is where a metallic bar is heated on one end 
and chilled on another. Heat will then tend to flow predictably along the bar in a particular 
direction, hot end to cold end. But what if we would gain some advantage from changing the 
direction in the above two cases. Well, we could place a mirror in the path of the photon and 
bend the steel bar. The direction associated with the energy has then changed with minimal 
losses along the way. Consider the idealized case where a ball collides with the floor. When a 
ball collides with the surface kinetic energy is converted elastic strain energy. Let’s assume that 
there are no other modes of energy present in this idealised example (e.g. acoustic, thermal, 
plastic deformation etc.). To measure the elastic strain energy stored in an elastic system such 
as a ball (E) the formula used is: 
E= W = ∫F•dx (Equation 1) 
W is the work done on the ball by the surface. F is the force applied to the object, x is the 
displacement from equilibrium. F is the force vector dx is the increment in the elemental 
position vector. Notice that the force and displacement of the element are vectors and do have 
a direction. The contribution to energy is obtained from the force that acts in the direction of a 
displacement and is a directionless quantity. In mathematical terms this is the vector dot 
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product. The result is a scalar quantity and has no direction. The integral must be taken over 
entire ball volume over the relevant period of time. 
 
Figure 2   A ball bouncing 
The five boxes represent before during and after the collision with the surface showing how 
energy is converted from one form to another. 
Consider how a ball instantaneously comes to rest during a collision with a surface. At that 
instant the ball is deformed and is said to have elastic strain energy and no kinetic energy. This 
deformation can then be transferred to kinetic energy once again as a force propelling the ball 
away from the surface. For a round homogeneous elastic ball, we expect that if the ball strikes 
the surface at some angle to the surface the ball will then bounce at the same angle as shown in 
Figure 3. 
 
Figure 3   A ball bouncing at an Angle 
Ball shown before, during and after collision. 
If we introduce a structure to the ball, we can no longer say this. For example Cross (2010) 
investigated the bounce of an elliptical football. In the study it was found that balls dropped 
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vertically on a hard surface rebound at an angle that is consistent, but dependant on the initial 
orientation. This is an example of how the scalar nature of energy allows the direction of force 
to be changed due to an interaction. This is the same principle that directional energy transfer 
is based on. Consider the following: 
a. Energy and direction (cf. the title of this thesis: directional energy (transfer)). 
Energy is a scalar, thus it has no direction (as it is not a vector quantity). The ‘direction’ of 
the energy refers to the direction of deflection related to the energy (E input is due to 
compression, E output is a return due to expansion). The deflection multiplied by the force (as 
a dot product) is the work energy; Energy cannot be a vector as force and deflection vectors 
components parallel result in energy (this is not the cross product which does have a resulting 
direction). 
In many instances, energy has a direction associated with it, e.g. E returned in the direction 
of restored deflection; infrared rays (heat); potential energy increases upwards and not 
sidewards, etc. 
b. E transfer: e.g. as for the ball example above, translational kinetic energy of the 
ball when it undergoes an oblique impact. There is typically friction and energy 
transferred to rotational kinetic energy (spin rate increases). Friction energy is 
transferred to heat (thermal energy). 
2.3. Shoe design 
Over the years there have been many developments in footwear. From early days in running 
shoe development, aesthetic has been important. There have also been advances that are of 
value to the runner from the biomechanical perspective.  These include shoes that involve 
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barefoot concepts and rear foot control. None of these shoes comes even close to optimizing 
for directional energy transfer. This is discussed in Fuss (2009). 
2.4. Energy return concept 
The concept of energy return in sports shoes is one that uses the energy stored in a shoe sole 
during deformation and returns it to the athlete at take-off. The efficacy of this concept 
according to Nigg et al. (2000) relies on the energy returned being: 
• Large enough to produce a difference  
• Returned at the right time 
• Returned at the right location 
• Returned with the right frequency 
The concept has not been embraced in the mainstream and many concepts have come and 
gone.  A noteworthy patent is the EMA concept. The EMA shoe design incorporates two oval 
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shaped springs. Testing of the shoe by Hettinga et al. (2005) showed a significant 2.2% 
reduction in oxygen consumption over a traditional shoe.  
 
Figure 4   EMA Full Suspension System  
Source: Nigg (2006) 
The Adidas bounce concept is also an example that is claimed to have superior energy return 
characteristics. 
 
Figure 5   Adidas Bounce Shoe (2010) 
Source: adidas.com 
 
Figure 6   Adidas bounce ambition PB shoe (2009) 
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These shoes only return energy in the direction that energy was put in and so do not provide 
the best design solution as we will see later in this report. 
2.5. Viscoelasticity 
An important factor to consider when materials deform rapidly is viscoelasticity. This 
phenomenon results in energy dissipation at high strain rates. It also results in a material 
deforming with time if exposed to a constant force. 
The "stiffness" has two components - elasticity (R) and viscosity (η) - these components, in 
non-linear viscoelastic materials, are strain-rate independent but strain dependent; both of them 
combined result in the strain- and strain rate dependent stiffness (or modulus). In order to model 
the response of materials in real world applications, an engineer may also need to know about 
the strain-rate dependant viscosity, that is, how the rate of loading affects the deformation of 
the material. The viscosity of a material also gives us information about how much energy will 
be dissipated in the material when it is compressed at a certain rate.  
The viscosity of a material may follow either a power law or a log law depending on the 
material assuming that the material is non-linear visco-elastic. It is usually expected that 
polymeric materials will be logarithmic. According to Fuss (2012) “R and η are expected to be 
temperature dependent in many materials such as polymers”. A simple test can confirm whether 
a material is logarithmic. This test is a compression test at a suitable level of deformation. The 
deformation is maintained for an hour to determine stress relaxation.  During the test, data is 
samples at 1Hz. The resulting curves are expected to asymptote to a power law or a log law.  
The key point to be addressed here is that viscoelasticity needs to be minimised in order to 
ensure that the most energy can be returned from a shoe to the runner during running. This will 
shape the direction taken in the design phase when selecting materials. Materials such as foams 
can immediately be ruled out due to the large amount of energy dissipated when the cellular 
structure buckles as discussed by Gibson & Ashby (1997).  
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2.6. Energy return 
In addition to the concept of energy return being used in shoes the concept has been 
introduced to sport surfaces by Baroud et al. (1999b). In the study it was found that an energy 
return of 14J per step was returned with this new shoe and surface combination. This is about 
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3% of the total energy expended during middle distance running (Nigg et al., 1992). This is in 
contrast to the 1J returned in a step involving a conventional surface. 
 
Figure 7   Investigated surfaces  
Source: Baroud et al. (1999) 
 
Figure 8   Energy production – does a surface produce energy  
Source: Stefanyshyn (2006) 
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Figure 9   Diagram depicting forces involved on a structured surface during running  
Source: Stefanyshyn (2006) 
A significant issue with the study was that the surface proposed has the structure of a 
cellular solid with cell walls buckling upon loading thereby absorbing energy. This failure 
to efficiently return energy is a principle typical for foams and for cellular solids in general. 
The structures investigated in the modelling would buckle and so would result in reduced 
energy return and there are questions as to whether the model used takes this phenomenon 
into account appropriately. Also, the direction of the forces applied to the shoe is not 
considered. To understand how important this is, consider running on a trampoline. It can be 
very difficult. The direction of the forces assists jumping at the expense of horizontal 
acceleration. It is also evident that the upper surface of the structure is able to deform and 
this would result in an additional mode of energy dissipation that is not considered. This 
could be in the form of friction, rotation of the shoe etc. In addition to this, the conclusion is 
trivial because a larger deformation of the surface or shoe will increase the energy available. 
Maximizing energy return requires large deformations. To understand this, consider the 
simple linear formula for calculating the energy stored in a spring  
E = ½ kx2  (Equation 2) 
Where E is the energy stored in the spring, k is the spring stiffness and x the displacement. 
It is clear from this formula that energy return increases linearly with spring stiffness and 
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increases in a quadratic fashion with deformation. This can be seen for example in a trampoline 
where large deformations result in the athlete being capable of very high jumps. 
2.7. Typical forces in running  
The forces applied by the ground to the shoe during running are shown in Figure 10. The 
vertical Ground Reaction Force (GRF) is almost parabolic in the latter section. There is an 
initial shock spike after heel strike. This spike has a height that is dependent on running style, 
heel design, ground properties and fatigue of the runner. The horizontal component GRF points 
backward before and forward after midstance. The backward horizontal GRF after heel strike 
reduces the runner’s speed until midstance.  After midstance the forward horizontal GRF before 
toe-off accelerates the runner. The shoe sole is also loaded with maximal vertical GRF at 
midstance.  
 
Figure 10   Ground Reaction Forces during running;  
(BW = body weight); note that the shock spike is too high, due to inappropriate sports shoes. 
Source: Fuss (2009) 
The shock spike itself can vary depending upon the running style in addition to the footwear 
worn by the athlete. In Figure 11 taken from Kluitenberg et al. (2012) we see in the Heelstrike 
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landing plot a more typical vertical GRF indicating a traditional running style with well fit 
shoes.  The Non-Heelstrike landing pot shows another example of how the shock spike can 
differ from that typically expected. 
 
Figure 11   Typical Vertical GRF for Heelstrike and Non-Heelstrike landing 
Source: Kluitenberg et al. (2012) 
2.8. Energy transfer 
The concept of energy return led to the development of directional energy transfer as a 
critical measure of shoe efficiency. The principle of directional energy transfer is a concept 
developed by Fuss (2009). For a running shoe the transfer is measured by finding the energy 
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released in the form of forward forces generated from the energy stored in the shoe structure by 
vertical force on the sole.  
There are a number of ways to generate planar energy transfer. These can be described by 
a small number of mechanical models. Each of these models can be physically embodied in a 
number of ways. One possible idealized model is shown in Figure 12 taken from Fuss (2009). 
 
Figure 12   Linear model of Directional Energy Transfer 
1: slider, 2: vertical piston, 3: vertical spring, 4: horizontal piston, 5: horizontal spring, 6: 
frame link, 7; fluid-filled tube; all joints are prismatic pairs with zero friction; fluid 7 is 
incompressible; the mass of links 1, 2, and 4 is negligible. Source: Fuss (2009) 
The system can be loaded with external forces in the vertical direction. The vertical force is 
translated to energy in the horizontal spring which can be released in the horizontal direction. 
Figure 13 demonstrates the idealized process of energy transfer. 
 
Figure 13   Energy transfer 
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a: unloaded resting position, b: compression during running (piston 2 of Figure 12 moves 
downward, piston 4 outward, and slider 1 backward), c: compression testing between two 
compression anvils (anvils not shown in the figure; both springs are compressed, slider 1 
remains in place during vertical compression; backward movement of the upper compression 
anvil returns the energy in horizontal direction and leads to subfigure b). Source: Fuss (2009) 
The equations of motion of such a system (from Fuss (2009)) are 
Fs1 = k1 ySF1   ,   Fs2 = k2 xSF2      (Equation 3 a,b) 
ySF1 = ya   ,   xSF2 = ya – xa       (Equation 4a,b) 
Fy = ya (k1 + k2) – k2 xa   ,   Fx = k2(xa – ya)    (Equation 5 a,b) 
Ey = ∫ Fy dya   ,   Ex = ∫ Fx dxa   ,   ESF1 = ∫ Fs1 dySF1   ,   ESF2 = ∫ Fs2 dxSF2 (Equation 6a,b,c,d) 
Etot = Ey + Ex = ESF1 + ESF2   ,   Etrans = ESF1 – Ey   (Equation 7a,b) 
Where Fy and Fx are the forces applied to the model (vertical and horizontal forces 
respectively, positive in downward and backward direction); Fs1 and Fs2, and k1 and k2 are the 
spring forces and stiffness respectively (vertical and horizontal springs respectively; tensile and 
compressive spring forces are negative and positive respectively. ya and xa denote the 
displacement of the vertical and horizontal piston relative to the frame (positive in downward 
and backward direction); ySF1 and xSF2 denote the displacement of the vertical and horizontal 
pistons; Ey and Ex denote vertical and horizontal system energies, ESF1 and ESF2 denote the 
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energies of vertical and horizontal springs, and Etot and Etrans represent the total system energy 
and the energy transferred (from vertical to horizontal direction) respectively. 
 
Figure 14   Energy Transfer for Simulated Compression Testing 
Model of Figure 12 and Figure 13 during running (a) and simulated compression testing 
(b); a: the energy profiles refer to the sole of the forefoot between midstance and toe-off; note 
the large ratio of energy return to input in horizontal direction (k2 = 3 k1); b: data from 0 to 
1000: compression in vertical direction (Figure 13c), data from 1000 to 2000: backward 
movement of the upper compression anvil; note that no energy is taken out in vertical direction 
and no energy is put into the system in horizontal direction (k2 = 3 k1). 1: energy input in 
vertical direction, 2: energy return in vertical direction, 3: energy input in horizontal direction, 
4: energy return in horizontal direction, 5: energy transferred from vertical to horizontal, 6: 
remaining system energy. Source: Fuss (2009) 
Further research is needed to more fully understand how to apply Directional energy 
transfer and how to best optimize a shoe that employs the technology. Furthermore, the ideal 
structure and geometry of a shoe using Directional Energy transferred is yet to be determined 
in the literature. These are the topics of this thesis. 
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3. Mechanical models for directional energy transfer 
3.1. Introduction 
The simplest mechanisms capable of energy transfer have only 1 or 2 degrees of freedom. 
Mechanisms with additional degrees of freedom have redundancy for planar mechanisms and 
so will not be investigated at this stage. Further scope is possible when we consider 3-
dimensional (spatial) mechanisms. This would be useful for sports such as tennis where rapid 
direction change is critical to successful play. These categories warrant more thorough 
description. This chapter can be considered entirely state of the art no prior work has been done 
in this field beyond the widely accepted elementary mechanics employed. 
3.2. Mechanism category descriptions 
3.2.1. 1 DOF Planar linkage 
These are structure with single springs or multiple springs with the same orientation 
consisting of a top and bottom element containing a rigid and/or flexible layer and a midsection 
containing at least 2 rigid elements preferably in parallel arrangement. Said rigid elements are 
connected to the rigid part of said top and bottom elements by joints of 1 DOF thus forming a 
parallel linkage. At least one of the at least four joints is constrained by spring. Alternatively, 
the at least two rigid elements are embedded in the flexible part of the top and bottom element, 
such that parts of the top and bottom layer deform when the rigid elements change their angular 
position. The space between the solid elements of the mid-section may be partially or fully 
filled with elastic material, preferably of a small Poisson ratio. All elastic components of top 
bottom and mid-section are preferably non-viscous in order to avoid energy losses through 
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internal friction. The inclination angle of the two rigid mid-section elements enabling the energy 
transfer is optimised for maximal energy transfer. 
3.2.2. 2 DOF Planar linkage 
These structures are constructed with at least two springs of different orientation and series, 
preferably at right angles consisting of top, middle and bottom rigid elements joined in such a 
way that they can translate with respect to each other, e.g. by two prismatic joints arranged in 
series such that the two directions of translation are at right angles. Each of the two joints is 
constrained by spring. The two directions of translation are rotated by an angle with respect to 
the sole of the shoe. The stiffness of the two springs is unequal. The angle is a function of the 
ratio of the stiffness of the two springs and provides maximal energy transfer when optimised. 
3.2.3. 3 DOF Spatial linkages 
There are two types of spatial linkages. In the first category, mechanisms have at least 2 
springs of different orientation and parallel or multiple springs in 2 different orientations in 
series. The embodiment is comparable to the planar linkage (1 DOF structure). The rigid 
elements are not only inclined in running direction but also sideward. 
In the second category, mechanisms have at least 3 different springs of different 
orientations, 2 in parallel, and these two in series with the third spring, preferably all 3 at right 
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angles. The embodiment is comparable to the planar linkage (1 DOF structure), where one of 
the two prismatic joints is a planar joint constrained by 2 springs arranged at right angles. 
3.3. One degree of freedom conceptual mechanisms 
There are two possible one degree of freedom mechanisms that are capable of transferring 
energy from the vertical to horizontal directions. They are as shown in Figure 15 
 
Figure 15   Linear Spring Inclined at an Angle 
 
Figure 16   Rotational Spring 
3.4. Two degrees of freedom conceptual mechanisms 
There are four possible 2 degree of freedom planar mechanisms that are capable of 
transferring energy from the vertical to horizontal directions. These are shown below: 
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Figure 17   A combination of two Rotational Springs 
 
Figure 18   A combination of two Linear Springs 
The linear spring can be displaced in one direction only. 
 
Figure 19   A combination of a linear spring and a rotational spring 
 
Figure 20   A combination of a rotational spring and a linear spring 
The linear spring can be displaced in one direction only 
To clarify the physical system that these figures represent we can consider Mechanism B. 
The model can be used to represent many 2D structures with different shear and compression 
stiffness’s. The Adidas Bounce Tube is a great example. 
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Figure 21   An Adidas Bounce Tube from the 2009 Ambition PB Shoe 
The tube has shear stiffness and compression stiffness and we can assume for small 
deflections that these values are independent. Rigid upper and lower layers of the tube represent 
the upper horizontal fixed plane in the conceptual model and the end node respectively. 
3.5. Equations of motion 
If we assume that the energy of the spring to be much larger in magnitude to inertial and 
gravitational energies we can neglect the mass of the elements in the mechanism. The models 
for transferring energy can be described by mathematical models. This requires the 
 29 
 
establishment of a symbol convention and labelling of the physical models. The notation used 
is: 
Fs   force of the spring on other bodies 
t  time instant during the collision 
l   natural length of the link in equilibrium 
Δl   change in length of the link from its equilibrium position 
θ   angle of link 1 in equilibrium 
Δθ   change in angle of link 1 from its equilibrium position 
Φ  angle of link 1 in equilibrium 
Δφ  change in angle of link 1 from its equilibrium position 
Δx   change in position of the mechanism end point in the x-direction 
Δy  change in position of the mechanism end point in the y-direction 
Fx  force in the x-direction at the mechanism end point 
Fy  force in the y-direction at the mechanism end point 
Etot  energy stored in the system at time t 
Etrans energy transferred to the forward direction at time t 
Ex  energy stored in the system in the x direction at time t 
Ey  energy stored in the system in the y direction at time t 
k  linear or rotational spring stiffness 
Numerical subscript indicate which link (1 is always closest to the fixed plane) 
The mechanisms have been labelled as presented in Figure 22, Figure 23, Figure 24, Figure 
25, Figure 26 and Figure 27. 
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Figure 22   Linear spring inclined at an angle (Mechanism A) 
 
Figure 23   Rotational Spring (Mechanism B) 
 
Figure 24   A combination of two Rotational Springs (Mechanism A) 
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Figure 25   A combination of two linear springs (Mechanism B) 
The linear spring can be displaced in one direction only. 
In the case of θ = 0⁰ in Figure 25 we obtain the solution proposed in Fuss (2009). 
 
Figure 26   A combination of a Linear Spring and a Rotational Spring (Mechanism C) 
The linear spring can be displaced in one direction only. 
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Figure 27   A combination of a Rotational Spring and a Linear Spring (Mechanism D)  
The linear spring can be displaced in one direction only. 
The equations for the mechanisms defined in Figure 22 and Figure 23 are as shown in 
Table 1. 
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Table 1   One DOF Equations of Motion 
A B 
Fs = k Δl         
x = -(l+Δl)cos(θ) 
y = -(l+Δl)sin(θ) 
 
Δx = -∆lcosθ 
Δy = -Δlsin(θ) 
 
Fy = Fssin(θ) 
    = k Δlsin(θ) 
Fx= Fscos(θ) 
    = kΔlcos(θ) 
Ey = ∫Fydy 
Ex = ∫Fxdx 
Esf = ∫Fsdl 
Etot = Ey+Ex = Esf 
Etrans = Efs-Ey 
Fs = kl(Δθ)       
    
x = lcos(θ+Δθ)  
y = -lsin(θ+Δθ)  
 
Δx = lcos(θ+Δθ) - lcos(θ) 
Δy = -lsin(θ+Δθ) - lsin(θ) 
 
Fy = Fscos(θ+Δθ) 
    = klΔθcos(θ+Δθ) 
Fx = Fssin(θ+Δθ) 
    = klΔθsin(θ+Δθ) 
 
Ey = ∫Fydy 
Ex = ∫Fxdx 
Esf = l∫Fsd(Δθ)          
Etot = Ey+Ex = Esf 
Etrans = Esf-Ey  
 
The equations for the mechanisms defined in Figure 24 and Figure 25 are as follows: 
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Table 2   Two DOF Equations of Motion (A and B) 
A B 
Fs1 = k1Δθ(l1+l2sin(Δθ)) 
Fs2 = k2 l2Δφ 
 
x = l1cos(θ+Δθ)  
- l2cos(π/2-θ-∆θ+φ+∆φ) 
= l1cos(θ+Δθ)  
- l2sin(θ+∆θ-φ-∆φ) 
 
y = -l1sin(θ+Δθ) 
- l2sin(π/2-θ-∆θ+φ+∆φ) 
= -l1sin(θ+Δθ) 
- l2cos(θ+∆θ-φ-∆φ) 
 
Fy =Fs1cos(θ+Δθ)+Fs2cos(π/2-θ-∆θ+φ+∆φ) 
= Fs1cos(θ+Δθ)+Fs2sin(θ+∆θ-φ-∆φ) 
 
Fx = Fs1sin(θ+Δθ)-Fs2sin(π/2-θ-∆θ+φ+∆φ) 
= Fs1sin(θ+Δθ)-Fs2cos(θ+∆θ-φ-∆φ) 
 
Ey = ∫Fydy 
Ex = ∫Fxdx 
Esf1 = l∫Fs1d(∆θ) 
Esf2 = l∫Fs1d(∆φ) 
Etot = Ey+Ex = Esf1+Esf2 
Etrans = Esf1+Esf2-Ey  
 
Fs1 = k1∆l1 
Fs2 = k2∆l2 
 
x = (l1+Δl1)cos(θ+Δθ)- (l2+Δl2)sin(θ) 
 
y = -(l1+Δl1)sin(θ+Δθ)- (l2+Δl2)cos(θ) 
 
Δx = Δl1cos(θ+Δθ)- Δl2sin(θ) 
 
Δy = -Δl1sin(θ+Δθ)- Δl2cos(θ) 
 
Fy = Fs2cos(θ)+Fs1sin(θ) 
 
Fx = Fs2sin(θ)-Fs1cos(θ) 
 
Ey = ∫Fydy 
Ex = ∫Fxdx 
Esf1 = l∫Fs1dl1 
Esf2 = l∫Fs2dl2 
Etot = Ey+Ex = Esf1 +Esf2 
Etrans = Esf1 +Esf2-Ey  
The equations for the mechanisms defined in Figure 26 and Figure 27 are as follows: 
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Table 3   Two DOF Equations of Motion (C and D) 
C D 
Fs1 = k1(l+∆l)(Δθ) 
Fs2 = k2Δl 
 
x = (l+∆l)cos(θ+∆θ) 
 
y = -(l+∆l)sin(θ+∆θ) 
 
Δx =  
(l+∆l)cos(θ+∆θ)-lcos(θ) 
 
∆y =  
-(l+∆l)sin(θ+∆θ)+lsin(θ) 
 
Fy =Fs1cos(θ+∆θ) 
+Fs2sin(θ+∆θ) 
 
Fx = Fs1sin(θ+∆θ)  
-Fs2cos(θ+∆θ) 
 
Ey = ∫Fydy 
Ex = ∫Fxdx 
Esf1 = ∫Fs1dl1 
Esf2 = ∫(l+∆l)Fs2d(Δθ) 
 
Etot = Ey+Ex = Esf1 +Esf2 
Etrans = Esf1+Esf2-Ey  
 
Fs1 = k1(l1+∆l1) 
Fs2 = k2 l2∆φ 
 
x = (l1+∆l1)cos(θ) 
+l2cos(φ+∆φ) 
 
y = -(l1+∆l1)sin(θ) 
-l2sin(φ+∆φ) 
 
Δx = ∆l1cos(θ)+l2cos(φ+∆φ) 
-l2cos(φ) 
 
∆y = -∆l1sin(θ) 
-l2sin(φ+∆φ)+l2 sin(φ) 
 
Fy = Fs1cos(θ)+Fs2cos(φ+∆φ) 
 
Fx = -Fs1sin(θ)-Fs2sin(φ+∆φ) 
 
Ey = ∫Fydy 
Ex = ∫Fxdx 
Esf1 = ∫Fs1dl1 
Esf2 = ∫l2Fs2d(Δφ) 
Etot = Ey+Ex = Esf1 +Esf2 
Etrans = Esf1 +Esf2-Ey  
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In the above integrals remember the chain rule to calculate the desired results. These 
equations allow us to model the system to determine how loading results in energy storage and 
how that energy is transferred. 
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4. Prototype mechanisms 
4.1. Prototype design 
A number of prototype ideas were generated in order to select the most appropriate design. 
The selection criteria was based on the following criteria. 
1. Clear potential to transfer energy employing the number of degrees of freedom 
required.  
2. Ease of manufacture (is it a practical and simple prototype design embodiment) 
3. Application potential: The potential to be applied to a real running shoe. 
The following chapters describe one and two degree of freedom designs selected for testing.  
4.1.1. One degree of freedom 
This prototype is based on an array of inclined 3mm Aluminium rods of length 25mm. The 
angle of inclination is 45° in one plane and zero degrees in the second plane. This is a physical 
system that can be modelled by mechanism B from the 1dof mechanism classifications. The 
ends of each pin are ground to remove pointed edges and prevent them from piercing the 
silicone. The pins are fully enclosed in silicone Dalchem Elastosil M4644A/B. This silicone 
has the advantage of being able to be cured at room temperature, is transparent and has a Shore 
A hardness of 41. To fully enclose the pins requires a two-step molding procedure. First half of 
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the pins are enclosed with silicone. The pins are oriented with an aluminium half mold. Pins 
are inserted into retaining holes through to a retaining plate to maintain depth consistency. 
 
Figure 28   Cross Section View of the Multi-Part mold for the 1-dof prototype 
Narrow through holes are a sliding fit with the pins. Parts made from Aluminium. 
The second part of the process uses a blue polyurethane mold. The mold will dissolve in 
kerosene allowing the mold to be removed. 
 
Figure 29   Cross section view of the foam mold for the 1-dof prototype 
The final result is a silicone structure with fully enclosed Aluminium reinforcing pins as 
shown in Figure 30, Figure 31 and Figure 32. 
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Figure 30   Top View of the 1-dof Prototype showing the Array of Pins 
Dimensions 110mm x 110mm. 
 
Figure 31   Side View of the 1-dof Prototype 
 
Figure 32  Three Quarter View of the 1-dof Prototype 
The prototype has been tested and the results presented in Section 4.2. 
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4.1.2. Two Degrees Of Freedom 
This prototype is based on Mechanism B (linear-linear) from the 2-DOF range. The 
Aluminium and Teflon (PTFE) parts are machined and the silicone springs are made from 
Dalchem Elastosil M4644A/B. Top face dimensions of the prototype are 110mm x 110mm. 
The thickness of the spring is 10mm. 
 
Figure 33   CAD Assembly Image the 2-dof Prototype 
Materials labelled. 
 
Figure 34   Photograph of the Manufactured 2-dof Prototype 
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4.2. General energy return and effectiveness of prototypes  
4.2.1. Aim 
The aim of this experiment is to determine if the constructed 1-dof and 2-dof mechanism 
are able to transfer energy from the vertical direction to the horizontal direction.  
This experiment shall also investigate how the 1-dof and 2-dof mechanism prototypes return 
energy when compressed. The energy return is treated here as the overall return, independent 
of the directions. We will also determine the viscous effects within the prototypes. 
4.2.2. Apparatus 
Testing was conducted using an Instron 5569 with a 50 kN load cell. Flat platens top and 
bottom constrain the prototypes. The platens are not able to rotate about any axis. An 
intermediate plate is placed under the bottom of the prototype. Lubricated steel rollers are 
placed under the plate to allow for unrestricted horizontal movement. 
4.2.3. Procedure 
To determine if the prototypes are effective at delivering Directional Energy Transfer plates 
are compressed to a suitable maximum. This establishes whether vertical compression results 
in horizontal displacement of the intermediate plate. Displacement to the platens is performed 
with the manual jog wheel on the machine. 
To determine the energy return a ramp test looks at how energy can be stored and released 
in our prototype structures. Each prototype is compressed by 5mm in a ramp up ramp down 
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profile. The speed of the compression was set to 5mm/min, 50mm/min, and 500mm/min in each 
of the ramp profiles. The profile is shown in Figure 35. 
 
Figure 35   Deflection vs time for both prototypes  
The gradient is set to crosshead speeds of 5 mm/min, 50 mm/min and 500 mm/min. 
The final test looks at how the structures of the prototypes relax after a load is applied to 
them. The prototypes were compressed to 5mm at 50mm/min and held at constant compression 
for 1 hour. 
4.2.4. Results 
The following images show how vertical motion of the plunger causes the intermediate 
platen to move horizontally. In each case the platen moves back to the original position after 
the upper platen returns to its original location. 
 
Figure 36   Overlayed Before and After Images of 1-dof Prototype 
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Figure 37   Overlayed before and after Images of 2-DOF prototype 
Both prototypes were subjected to the ramp shown in Figure 35.  The load profile for the 
tests is shown in Figure 38 for the one degree of freedom prototype and Figure 39 for the two 
degree of freedom prototype. Only the vertical component is shown. 
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Figure 38   Load vs deflection for the 1-DOF prototype  
Crosshead speeds of 5 mm/min, 50 mm/min and 500 mm/min. 
 
Figure 39   Load vs deflection for the 1-DOF prototype  
Crosshead speeds of 5 mm/min, 50 mm/min and 500 mm/min. 
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The area enclosed by this loop gives a measurement of the energy lost or transferred in the 
process. The total input energy can be found by calculating the area under the top curve, the 
loading phase.  
Table 4   Prototype test summary 
 
E Loss 
[mJ] 
E Stored 
[mJ] E loss % 
1-dof  
5 mm/min 62.72 277.65 22.59% 
1-dof  
50 mm/min 73.75 290.33 25.40% 
1-dof  
500 mm/min 58.99 332.073 17.76% 
2-dof  
5 mm/min 1569.52 3387.61 46.33% 
2-dof  
50 mm/min 2090.61 4063.37 51.45% 
2-dof  
500 mm/min 1931.59 4823.23 40.05% 
The data has been visually represented in Figure 40. 
 
Figure 40   Energy lost and stored for two prototypes 
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The prototypes have been compressed to 5mm at a rate of 50mm/min. The compression was 
held for an hour to determine the relaxation of each prototype. This relaxation is related to 
energy loss in the prototype, not only in this test, but also in general. This is done by applying 
a model to the material. The common models for viscoelastic materials are log and power law, 
after the mathematical function that describes their relaxation. 
 
Figure 41   Load vs time for the 1-DOF prototype  
Subjected to a 5mm deformation for 1 hour. 
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Fitting log and power functions to the curve gives  
LOG: y = -1.307904051ln(x)+117.8416926, POWER: y = 118.3095283x-0.01211785307
 (Equation 8) 
Because the viscosity is very low there is little difference between the log and power 
models.  Given the polymeric nature of the silicone rubber used it is more likely that the log 
model is a suitable model. 
 
Figure 42   Load vs time for the 1-DOF prototype  
Subjected to a 5mm deformation for 1 hour. 
In the case of the 2-dof prototype the equations  
LOG: y = -22.92955076ln(x) +1484.752893, POWER: y = 1496.838867x-0.01749687027
 (Equation 9) 
From these mathematical models we can extract the viscosity parameter (R/η) by dividing 
by the deflection which is 0.005 in both prototype tests. The result is 91 for the 1dof prototype 
and 65 for the 2dof prototype. Notice that there is a large difference between the two prototypes. 
This is because the 2dof is much stiffer. The velocity independent stiffness of the prototypes 
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are 27.38 N/mm for the 1dof prototype and 457.07 N/mm for the 2dof prototype.  For the log 
model we expect that more stiffness results in more viscosity. 
4.2.5. Discussion 
Movement of the prototype in a repeatable way indicates that the prototype does not sustain 
any damage in the loading cycle. This also leads to Directional Energy Transfer. 
The experiments show that there is significant energy lost (hysteresis) in the process of 
compressing and releasing the prototype. This could be due to losses in the viscoelastic silicone 
rubber or roller friction. A much larger percentage of the expended energy is lost for the 2-dof 
prototype. This could be due to losses due to friction within the structure of the prototype. It is 
not due to inner friction (viscous losses) because the test showed the viscosity parameter to be 
lower for the 2-dof prototype. It may also be related to the additional force that is needed to 
compress that structure. The force is 10 times greater in the 2-dof prototype. Interestingly, in 
both cases the intermediate speed cycle resulted in the greatest loss of energy. This is thought 
to be due to the different mechanisms of energy loss present. For material viscosity increased 
losses to due higher speeds and decreased losses occur at lower speeds. For relaxation, increased 
losses at lower speeds and decreased losses at higher speeds is seen. This results in a maxima 
of energy loss in the intermediate range of speeds. For the 2-dof prototype stiction and sliding 
friction might come into play. For both prototypes, roller friction is also a factor, even though 
the bearings were well lubricated. 
4.2.6. Conclusion 
Both the 1-dof and the 2-dof mechanisms act to deliver energy transfer from the vertical 
direction to the horizontal direction. Using silicone to develop prototypes means that there are 
very little viscous effects in the structure. 1-dof structures are more efficient because they have 
fewer links and moving parts and so less potential modes of energy loss. 
  
 49 
 
5. Optimization for directional energy transfer  
5.1. Overview 
In this chapter the bounce tube is considered. This is because the Bounce tube is an 
example of a structure with different shear and compression stiffness values. This makes 
Directional Energy Transfer possible. Choosing a structure that is already being 
manufactured to investigate has further advantages. Firstly, it means that the optimised shoe 
design would be easily manufactured with modern technology. Secondly, it is building on 
the existing literature to thoroughly understand the process of optimisation before an 
entirely novel best design is later developed. Section 5.2 is a reproduction of Dickson and 
Fuss (2010). Greater depth of investigation commences in Section 5.3 which discusses the 
various parameters related to directional energy transfer. Section 5.4 which is in part a 
reproduction of Dickson and Fuss (2011) discusses how these parameters change as inputs 
to the shoe system change. 
5.2. Bounce tube optimization example 
5.2.1. Background 
The directional energy transfer of the Adidas bounce tube (Figure 6) was found to be zero 
in its present form by Fuss (2009). In his paper, Fuss (2009) proposed rotation of the tubes in 
order to enable energy transfer (clockwise tube rotation if shear stiffness > compressive 
stiffness). In its current form the bounce tubes are attached together at the upper and lower of 
the sole. For this research we will assume that the heel is decoupled from the energy transfer 
elements located on the forefoot i.e. no lower sole connection. Each of these forefoot elements 
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is assumed to have a compressive stiffness unaltered when subjected to a shear load and vice 
versa. 
The forefoot system can be modelled by the equations of motion (true for any rotated 
shear/compression spring system) 
Fshear = kshear yshear,   Fcompression = kcompression xcompression          (Equation 10a,b) 
yshear = ya cosθ – xa sinθ,  xcompression = ya sinθ + xa cosθ                (Equation 11a,b) 
Fy = Fshear cosθ – Fcompression sinθ, Fx = Fshear sinθ + Fcompression cosθ (Equation 12a,b) 
Ey = ∫ Fy dy, Ex = ∫ Fx dx, Eshear = ∫ Fshear dyshear, Ecompression = ∫ Fcompression dxcompression  
                                                                                            (Equation 13a,b) 
Etot = Ey + Ex = Eshear + Ecompression   ,   ( )x
t
trans EE
∞→
= lim                 (Equation 14a,b) 
Where Fy and Fx are the forces applied to the shoe (vertical and horizontal forces 
respectively, positive in downward and backward directions); Fcompression and Fshear, and 
kcompression and kshear are the forces and stiffness respectively (in the compressive and shear 
modes); y and x denote the displacement of the sole upper surface relative to the frame (positive 
in downward and backward direction); yshear and xcompression denote the displacement of the 
vertical and horizontal pistons; Ey and Ex denote vertical and horizontal system energies, Eshear 
and Ecompression denote the energies of vertical and horizontal springs, and Etot and Etrans represent 
the total system energy and the energy transferred (from vertical to horizontal direction) 
respectively; θ denotes the angular position of the Adidas Bounce tubes. θ is zero if the 
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“horizontal bridge” is aligned horizontally (Figure 45). The arrangement of the model is as 
shown in Figure 43 
 
Figure 43   Bounce tube nomenclature 
 
Using these constitutive equations, Fuss (2009) modelled the system using input forces 
following the typical running force profile shown in Figure 44. 
 
Figure 44   Input forces used to model the forefoot 
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Figure 45   Compression testing of a bounce tube 
 
Figure 46   Shear testing of a bounce tube 
The aim of this optimisation example is to measure the compressive and shear stiffness as 
a function of deflection of one of the Adidas bounce tubes from an Adidas ambition PB shoe. 
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This information will be used to optimise the Adidas Bounce shoes by determining the angle 
and length of the Ө-shaped bounce tubes to give the maximum energy transfer. 
5.2.2. Experimental 
The bounce tube selected for testing was isolated from a size 11.5 UK Adidas ambition PB 
shoe. The tube was taken from the left shoe and was on the immediate rear of centre on the 
lateral side. The tube was the most uniform on the shoe. The upper plastic surface was ground 
flat and the lower rubber portion was left unaltered. Testing was conducted using an Instron 
5569 with a 10 kN load cell. In all conditions, data was collected at 50 Hz for 500 mm/min, 5 
Hz for 50 mm/min and 0.5Hz for 5 mm/min crosshead velocity. Compression testing (load-
deflection) was conducted on the isolated bounce tube with flat platens as shown in Figure 45. 
For shear testing of the tube a custom jig was constructed. The rig was placed in the grip jaws 
of the Instron machine. Figure 46 shows how the tube is mounted in the rig. 
Shear testing of load against deflection was conducted in both the forward and backward 
directions. This gives us the necessary bounce tube stiffness.  For all tests, a crosshead speed 
of 5, 50 and 500 mm/min was applied to determine the influence of viscosity. 
5.2.3. Model and optimization 
We simplified a model of the bounce tube and assumed a uniform cross section throughout 
the shoe. Normalization of the stiffness to a per mm basis allowed incorporating a length based 
multiplier (l) to our constitutive equations resulting in kshear = l ashear and kcompression = l acompression 
where a denotes the stiffness per unit length of tube. The assumption means we can specify the 
design of a shoe by finding the parameters tube length and rotation angle to achieve maximum 
energy transfer while maintaining any rearward deflection to less than a specified level. We 
have chosen 5 mm because it meets the runner’s comfort. Without such a constraint the 
optimum solution will involve large deflections and very short tube lengths which are beyond 
the physical limits of the tube. The model applied assumes full contact of the shoe throughout 
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the stride simulation and the shoe input forces in Figure 44. A simulated test using the model 
formed by (8)-(12) allowed determining the energy transfer of the tube after selecting a specific 
length and angle. Experimental simulation with various lengths and angles was conducted using 
Mode Frontier (Version 4 by Esteco, Padriciano, Italy) to find the optimum. Solutions were 
sought in the following design space: 
• Rearward maximum deflection ya < 5mm.  
• Length of tube used must be positive and less than 400 mm total for the shoe.  
• Angle of rotation must be -90<θ<90  
Mode Frontier was used to test 200,000 experiments in this space. The points were created 
using the Sobel algorithm. The optimum was determined using the 1p1-es algorithm with 50 
generators and an initial step size of 10%. 
5.2.4. Results 
5.2.4.1. Tube properties 
In compression, the bounce tube displays foam like behaviour (Gibson & Ashby, 1997). 
Stiffness increases until the tube collapses with decreasing stiffness before densification sets in. 
This behaviour is shown in Figure 47. The stiffness can then be computed as shown in Figure 
48. 
 The average of these curves has been used to fit a polynomial, putting the stiffness in 
functional form. The equation for stiffness shown is:  
y = 0.1 +1.15x - 0.340x2 - 0.259x3  + 0.399x4 - 0.170x5 + 0.0355x6 - 4.19E-3x7 + 2.78E-
4x8 - 9.97E-6x9 + 1.49E-7x10                                                                                                                      (Equation 15) 
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Figure 47   Load vs compression 
 
Figure 48   Stiffness vs. compression for a one mm of tube length 
The shear stiffness level is also indicated for comparison (0.73 N/mm/mm of length.) 
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In shear, stiffness was very constant with little scatter. Fitting a straight line to the data 
results in the stiffness listed in Table 5 
Table 5   Tube Stiffness Summary 
Description Stiffness 
[N/mm/mm tube length] 
5 mm/min forward 0.65 
50 mm/min forward 0.73 
500 mm/min forward 0.76 
5 mm/min reversed 0.60 
50 mm/min reversed 0.66 
500 mm/min reversed 0.70 
The average stiffness in shear of the tube was 0.73 N/mm per mm of length at 500 mm/min 
crosshead speed. The coefficient of determination in all cases was r2 > 0.999.  
5.2.4.2. Optimum angle and length 
The result was an optimum length of 114.2 mm and an angle of 18 degrees (counter 
clockwise, right view of the shoe, running direction to the right). The resulting energy transfer 
was 34.2%. The result for a number of experiments is shown in Figure 49 and Figure 50. The 
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criterion of ya = 5 mm maximal rearward deflection resulting in yshear,Max = 2.07 mm, 
xcompression,Max = 5.84 mm,  xa,Max = 3.62 mm. 
 
Figure 49   The effect of angle (in degrees) on energy transfer (in %).  
The tube length decreases into the page. Optimisation results (Mode frontier) 
 
Figure 50    The Design Space showing Design Solutions  
Angle in degrees, length in mm, energy transfer in %. 
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5.2.5. Discussion 
Optimizing the bounce tube system on a shoe raises a design trade off. For a given input 
force, the energy transfer increases as we decrease the tube length. The result is increased 
deflection of the tube. This is undesirable because it may be uncomfortable to the athlete. 
Specifying a maximum deflection of the shoe in the rearward direction is the critical factor to 
determine the design solution. 
In the deflection range tested, viscosity had very little influence on the stiffness 
measurements. For small deflections the load is almost unchanged. 
The bounce tube was tested to give the required bounce tube properties. Using these values, 
the optimum angle calculated was 18 degrees (Figure 51) and a total tube length of 114 mm. 
The resulting energy transfer is 34%, which means that 34% of the energy put into the bounce 
tube in vertical direction is transferred to the horizontal direction. The energy transfer in the un-
rotated tube is 0% (Figure 51a). The correct rotation is counter clockwise for a shoe in right 
view and a rightward running direction (Figure 51b). This is due to the fact that the shear 
stiffness is smaller than the compressive stiffness (Figure 48) for deflections 1 mm < x < 10mm. 
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The maximal compressive deflection of the tube amounts to 5.85 mm at the optimized 
parameters. 
 
Figure 51   Adidas Bounce Shoe Optimized 
(a) Adidas bounce shoe; (b) shoe with energy transfer optimized. 
5.2.6. Conclusions 
Design optimization is a powerful tool for maximizing directional energy return of a sports 
shoe via directional energy transfer in order to increase the speed of the athlete. The Adidas 
bounce shoe is optimized by rotating the bounce tubes by 18 degrees. 
5.3. Parameters of directional energy transfer 
Building upon the example of directional energy transfer in the Adidas bounce shoe model 
investigated in Section 5.2. Additional parameters could be used in the optimization process 
instead of the ETP parameter. In Figure 52 several of these can be found. These parameters 
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relate to directly to energy return in the horizontal direction Erh, Etrans, Etot. The parameter not 
shown is ETP. This parameter is the ratio of Etrans to Etot. 
 
Figure 52   Parameters of directional energy transfer 
These critical energy transfer parameters are interrelated but are unique. Etot is the total 
energy put into the shoe sole in units of energy transfer, notice that it is also related to the energy 
released in the vertical direction. The parameter Erh is the energy returned from the shoe in the 
horizontal direction expressed in units of energy.  In its most straightforward form directional 
energy transfer can be expressed as Etrans. The parameter is simply the energy transferred from 
the vertical to horizontal direction. This is equivalent to the energy that was stored in the vertical 
direction by consideration that the energy of the system must be conserved in any elastic system. 
5.4. The influence of input factors on energy parameters  
5.4.1. Acceleration 
To test the effect of acceleration on the shoe design we can simply multiply the x-
component of the GRF. This would result in acceleration of the athlete. A multiplier of 1.5 has 
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been used. Figure 53 shows the effect of this multiplier on the forces experienced by the shoe. 
In the figure Fy is relatively low. This is due to the low body mass of the athlete and also because 
the force measures only the forefoot portion of the shoe using the force plate. This is because 
that is the section of the shoe where Directional Energy Transfer is delivered to the runner. In 
addition the forces are for walking, not running. 
 
Figure 53   The forces of running when accelerating 
The effect of acceleration on the optimum solution is of interest to see if the measures 
remain meaningful. We are also particularly interested in what happens to the energy transfer 
parameter for a design that is optimised for constant speed running. This is because for most of 
the time the athlete would be running at constant speed. There may be implications for 
feasibility due to the increased loading due to the additional forces of acceleration. 
5.4.2. Body mass and running style 
Up to this point the loading of the shoe has been for only one particular athlete. The body 
mass of the athlete and the style of running will have an effect on the input force curve. So to 
determine this, two athletes of different body mass and running style have been recorded using 
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gait lab instrumentation as discussed above. The experiment measured only the loading on the 
forefoot of the shoe. This is because the energy transfer happens only in the forefoot portions 
of the shoe. The data has been processed to remove any unnecessary features of the curve to 
make it smooth. 
 
Figure 54   Forces for different styles of running. 
In Figure 54, the running style of Subject 1 is a conventional. The subject strikes the running 
surface at the heel first.  Subject 2 demonstrated a style of running where the entire shoe impacts 
the running surface at the same instant of time. 
Because the mass of the athletes varies a separate investigation into the effect of mass and 
style will be conducted. To do this, the force profiles above will be simplified to follow the 
general form of Style 1. Notice that Style 2 is significantly different only in terms the horizontal 
force for the initial portion of the loading profile. In this investigation this will be feature that 
distinguishes out new Style 2 profile. The style profiles are also multiplied by scaling factors 
of 1.0, 0.875 and 0.75 to simulate the effect of body mass. Using all of these input profiles a 
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thorough understanding of the effect of body mass is obtained. See Figure 55 below to see the 
extreme loading profiles (central case neglected for clarity). 
 
Figure 55   Loading to determine the effect of body mass 
5.4.3. Shoe structure 
Up to this point we have considered a shoe structure that is more or less identical in 
construction to the manufactured tube structure. The construction has been modelled directly 
from a real world shoe structure. But the tube itself was not necessarily designed to optimize 
the parameters of directional energy transfer. It is of interest to determine what the effect of the 
ratio of the shear and compression stiffness’s may be. The stiffness profiles shall be kept similar 
and the ratio shall be modified by multiplying the shear stiffness by a factor ranging from 0.1 
to 10. Because the length of the tube is also a variable the study will effectively be looking at a 
range of stiffness’s in the compression and shear modes. 
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5.4.4. Results 
Each of the parameters results in a design surface. Using our initial force loading profiles 
Mode frontier had been used to generate such surfaces, as shown in Figure 56. 
 
Figure 56   Solution surfaces showing the different parameters 
Optimisation results (Mode frontier). 
The simulations of the shoe design for the original input force for the different parameters 
results in the angles shown in Table 6. 
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Table 6   Angular optima for all parameters at constant speed and with acceleration 
Parameter Constant speed optimum 
solution angle [⁰] 
Accelerating speed 
optimum solution angle [⁰] 
ETP 23 22 
Etrans 42 38 
Erh 30 24 
Etot 66 58 
The corresponding lengths of tube for this optimum solution are shown in Table 7. 
Table 7   Length optima for all parameters at constant speed and with acceleration 
Parameter Constant speed optimum 
solution length [mm] 
Accelerating speed optimum 
solution length [mm] 
ETP 106 134 
Etrans 105 128 
Erh 108 134 
Etot 78 118 
If we simulate the effect of acceleration forces on a sole optimized for constant speed running 
then we get values of the directional energy parameter and rearward deflection in Table 8 
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Table 8   Constant speed designed shoe subjected to acceleration 
Parameter Constant speed 
optimum sole 
parameter value 
Accelerating 
speed parameter 
value with the 
same sole 
Rearward 
deflection 
ETP 21.7 % 28.2 % 6.5 mm 
Etrans 718.0 mJ 964.5 mJ 6.0 mm 
Erh 873.7 mJ 1189.9 mJ 6.1 mm 
Etot 7821.3 mJ 8262.2 mJ 8.7 mm 
The effect of acceleration for a range of tube rotation angles is illustrated in Figure 57. 
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Figure 57   The effect of acceleration 
Table 9 shows the result of the simulation of various design subjected to the two running 
styles tested as well as the case of walking. Each of the four parameters of directional energy 
transfer has been tested. 
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Table 9   Results for different running subjects 
Optimisation Resultant values 
Parameter Test case Angle 
[⁰] 
Length 
[mm] 
ETP 
[%] 
Etrans 
[mJ] 
Erh 
[mJ] 
Etot 
[mJ] 
ETP Subject 1 running 26 143 16.39 735.47 630.41 4613.46 
Subject 2 running 27 123 17.47 602.57 370.22 3268.95 
Etrans Subject 1 running 48 136 11.10 849.47 655.06 7733.84 
Subject 2 running 47 101 13.34 863.95 522.86 6215.68 
Erh Subject 1 running 40 144 13.49 842.78 659.52 6342.21 
Subject 2 running 47 101 13.34 863.95 522.86 6215.68 
Etot Subject 1 running 75 78 1.82 315.15 542.67 17290.25 
Subject 2 running 76 48 3.07 578.99 395.87 18613.11 
The effect of angle on the parameters optimized for the three loading cases can be seen in 
Figure 58. 
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Figure 58   The effect of running style 
The results of the investigation into the effects of body mass are shown in   
 70 
 
Table 10. 
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Table 10   Results of body mass investigation 
Optimization Resultant Values 
Parameter Test Case Angle Length ETP Etrans Erh Etot 
ETP Style 1 with 100% loading 26 143 15.63 694.75 623.62 4613.46 
Style 2 with 100% loading 26 143 19.20 891.90 455.84 4632.58 
Style 1 with 87.5% loading 26 125 15.64 608.67 568.34 4040.12 
Style 2 with 87.5% loading 27 124 19.21 807.98 412.52 4188.39 
Style 1 with 75% loading 27 106 15.65 540.99 524.91 3583.86 
Style 2 with 75% loading 26 107 19.22 670.94 342.90 3481.15 
Etrans Style 1 with 100% loading 40 144 12.85 796.39 652.72 6342.21 
Style 2 with 100% loading 49 135 12.93 1037.12 527.41 7910.36 
Style 1 with 87.5% loading 48 119 10.55 701.70 588.89 6767.11 
Style 2 with 87.5% loading 51 115 12.24 908.19 461.99 7319.72 
Style 1 with 75% loading 47 103 10.85 602.46 531.10 5653.73 
Style 2 with 75% loading 50 100 12.58 777.74 395.57 6096.89 
Erh Style 1 with 100% loading 40 144 12.85 796.39 652.72 6342.21 
Style 2 with 100% loading 49 135 12.93 1037.12 527.41 7910.36 
Style 1 with 87.5% loading 40 126 12.85 696.84 593.27 5549.44 
Style 2 with 87.5% loading 51 115 12.24 908.19 461.99 7319.72 
Style 1 with 75% loading 40 108 12.85 597.29 533.82 4756.66 
Style 2 with 75% loading 50 100 12.58 777.74 395.57 6096.89 
Etot Style 1 with 100% loading 75 78 1.64 282.04 529.92 17290.26 
Style 2 with 100% loading 73 77 3.78 660.63 344.08 17385.24 
Style 1 with 87.5% loading 74 68 2.06 309.13 487.31 15129.79 
Style 2 with 87.5% loading 74 68 3.23 491.68 287.76 15136.63 
Style 1 with 75% loading 74 58 2.07 267.29 447.89 13031.62 
Style 2 with 75% loading 74 58 3.24 425.03 247.83 13037.51 
The results of each parameter for various angles with the different mass conditions can be 
seen in Figure 59. 
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Figure 59   The effect of body mass 
For the stiffness investigation, simulations were conducted that multiplied the shear 
stiffness by a range of multipliers. Increments of angle spacing of 5⁰ and a length spacing of 
5mm have been used to specify the designs to be simulated. The increased spacing size means 
that the correlation with previous solutions is not exact. This is not of concern because we are 
looking to see of significant gains in the energy transfer parameters are available through this 
stiffness modification. The actual ratio has been defined as R = kcompression average / kshear average. The 
subscript “average” refers to the time averaged stiffness value over the period of the simulation. 
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Figure 60 shows on the left how the angle for optimum Etrans varies with R. The figure illustrates 
to the right how the value of Etrans at the optimum changes with R. 
 
Figure 60   Plots showing how Etrans and Angle change with R 
In the previous results we have analysed a vast array of solutions. Each such solution has 
its own unique energy curve. Displaying all of the plots is unnecessary and impossible. There 
is value however in investigating what curve for the Etrans optimised bounce tube shoe. Also, 
there is value in seeing the plots for a similar shoe with the tube rotation in the opposite direction 
and for the tube with no rotation. If we take the bounce tube optimum system (for Etrans) where 
angle is 42⁰ and tube length is 105 mm the energy plot is as shown in Figure 61. The same shoe 
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with a tube rotation angle of zero is displayed in Figure 62. The third energy plot shown (Figure 
63) has a negative rotation angle, counter clockwise angle is taken as having a positive sense. 
 
Figure 61   Energy plot for the bounce tube shoe optimised for Etrans  
(Angle 42⁰ length 105mm) 
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Figure 62   Energy plot for the bounce tube shoe with no rotation  
(Angle 0⁰ length 105mm) 
 
 
Figure 63   Energy plot for the bounce tube shoe with reversed rotation  
(Angle -42⁰ length 105mm) 
Taking all of the key results from these three displayed scenarios gives Table 11. 
Table 11   Bounce tube energy parameters when reversing angle 
Simulation Configuration Resulting Parameters 
Angle Length ETP 
[%] 
Etrans 
[mJ] 
Erh 
[mJ] 
Etot 
[mJ] 
42 105 16.42 718.02 867.02 4504.94 
0 105 0 0.00 519.63 1713.71 
42 105 -25.67 -887.37 -1001.33 3455.99 
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5.4.5. Discussion 
The developed model bounce tube shoe structure resulted in appropriate design surfaces 
within the appropriate range for all of the parameters of directional energy transfer. These 
optima were relatively similar in terms of tube length for the parameters of ETP (106mm), Erh 
(108mm), Etrans (105mm). There was a more significant difference in the length for optimum 
Etot (78mm), the sensitivity of the parameter magnitude to the length is fairly significant. For 
example, when a design is selected to be 108mm the maximum Etot achievable is 5793 mJ (this 
requires an angle of 72⁰ rather than the original 66⁰). 
Simulations related to acceleration of the runner revealed that there would be a difference 
in optimum solution between a constant speed runner and one who is accelerating. Typically a 
runner spends much more time running at constant speed than accelerating and so a shoe design 
should be optimized for constant speed running. In such a design the rearward deflection would 
exceed the previous maximum specified. Further study into the implication of this would need 
to be conducted in order to ensure that the runner comfort is not affected. The peak 
performances in both optimizations are very close. By considering the range of angles that result 
in a parametric result within 5% of the maximum we obtain a range of suitable angles. The 
suitable ranges for constant speed or accelerated running overlap in the case of each parameter.  
The simulations related to body mass and running style show that these variables do have 
some impact on the optimum design that is selected; however there is not a high degree of 
sensitivity for any of the parameters. There is a more significant more variation between the 
optimum angle and length for each of the parameters of directional energy transfer. This means 
that choosing that parameter appropriately is the most critical factor.  
The parameter of Etot can be disregarded as a suitable measure for shoe optimization. This 
is because it does not relate entirely to forward movement of the runner. It is important to have 
the maximum possible energy stored and then released during a stride. If this were to be our 
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only parameter of optimization then the shoe design may end up being bouncy in the vertical 
direction only. The parameter of ETP expresses the energy transfer as a percentage of the total 
energy stored in the shoe. This has the significant disadvantage that the total energy in the shoe 
may be quite small. This would suggest that the overall performance improvement would be 
quite small. Of the two remaining parameters the difference is subtle. The two are interrelated 
by the total amount of energy stored in the horizontal spring. Because the amount of energy 
stored in the shear spring does not have a direct impact on runner kinetic energy Etrans is the 
most important parameter. By definition, this is the energy that is released as forward force that 
was stored in the structure by downward force. Essentially it is energy made available to assist 
forward movement of the runner that would not have been possible without the assistance of 
the shoe structure. 
If we want to select a superior design to maximize Etrans then we need to consider the 
different style and loading (due to runner mass) that such a shoe may encounter. If we consider 
all solutions in a range of angles that ensure the parameter is within 5% of the maximum result, 
a suitable design range can be selected. The sensitivity to length is negligible. 
In 2011 the Adidas bounce titan shoe (see Figure 64) was available in stores.  
 
 
Figure 64   Adidas Bounce Titan shoe showing tube rotation 
Based on this investigation we would expect the Adidas bounce titan shoe to deliver a 
counter-productive directional energy transfer. This is because the angle of rotation of the tube 
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is clockwise. The energy would be transferred backwards and so slow down the runner. This is 
contrary to the findings of this investigation that show that a counter-clockwise rotation is 
required for directional energy transfer to positively contribute to the running of the athlete. 
The energy plots Figure 61, Figure 62 and Figure 63 demonstrate this point well. The reversed 
angle of rotation causes ETP, Etrans and Erh to become negative. The negative value of ETP and 
Etrans indicates energy is transferred from the horizontal forwards direction to the vertical 
direction. The negative of Erh indicate that forward motion of the athlete is being impeded by 
energy being released as forces that slow the runner down. Getting the angle of rotation correct 
is critical to obtaining an energy advantage using directional energy transfer. Where no rotation 
of the tube was simulated there was a dramatic reduction of total system energy and the energy 
returned in the horizontal direction and no energy transfer occurred. 
In most cases of optimization of Erh and Etrans using the bounce tubes the optimum solution 
is at approximately 45⁰ of counter-clockwise rotation. This value seems to be something of an 
obvious solution. Why do simulations to come up with a figure that seem like the obvious 
result? The value of 45⁰ though is not the exact optimum because there are many factors that 
affect the optimum in particular. The stiffness of the shear and compression modes is a major 
factor. This is seen to be the case in the results of the investigation into modified stiffness ratio. 
The results here showed that there was an effect on the optimum angle and so simulation of the 
system is required to determine the optimum. This difference rotates the optimum however the 
direction of this rotation is not consistent. 
Simulations involving the ratio of shear to compression stiffness suggested that the 
optimum ratio is 2.5. This is larger value of this ratio of the existing shoe of 1.67. That is to say 
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that the ratio of stiffness in shear and compression should be changed from the current 
manufactured design in order to obtain the largest optimum result.  
5.4.6. Conclusion 
The simulations showed that the tubular cross section shoe can be optimized to give a 
directional energy transfer of 718mJ when a design angle of 42⁰ and tube length of 105mm is 
selected. This optimum utilizes only the bounce tube geometry. A higher transfer could be 
possible for designs that deviate from the bounce tube. When the running shoe is subjected to 
acceleration the energy transfer improves, although the shoe deflection would exceed the prior 
maximum set deflection. The investigation shows how athlete mass and running style does not 
impact on the parameters of the optimum design solution. This conclusion relies upon the 
acceptability of a 5% potential reduction in the parameter. The range of acceptable optimum 
angles then becomes significant and a suitable optimum can be selected. The selection of the 
appropriate design is also dependant on which key parameter is to be optimized. Selecting the 
energy transferred as an absolute quantity ensures that the design gives a suitable result for all 
of the other parameters and is the parameter most closely associated with what the forward 
velocity of the runner. The stiffness properties inherent in the bounce tube as manufactured 
delivers the most energy transfer for all of the parameters. A larger ratio of stiffness would 
improve the value of Etrans obtained.  
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6. Four bar linkages 
6.1. Theory 
In order to develop an understanding of how to best deliver Directional Energy Transfer to 
a runner, it is important to return to first principles of mechanisms that would be capable of 
delivering Directional Energy Transfer. A Four bar linkage is the simplest movable closed chain 
linkage. In this investigation, all the relevant forces can be considered to act along a plane only, 
spatial mechanisms will not be considered. No lateral forces will be considered for simplicity 
and also because in straight line running these forces are very small. So we shall consider only 
a four-bar linkage planar mechanism that has four rigid elements and four rotational joints 
linking them. The length of the links is a critical factor determining how the mechanism 
behaves. If we take one link as fixed then we can label the link opposite as the coupler. The 
remaining two links are both connected to the fixed link directly and are named based on their 
movement. If the feasible movement is a complete rotation the link is called a crank. If motion 
is restricted to oscillation about an arc the link is called a rocker. There are three categories of 
motion that can arise from a four-bar linkage mechanism. They are called crank-rocker, double 
crank and double rocker. As one would assume, a crank rocker mechanism is one that allows 
one link adjacent to the fixed link to rotate entirely around a 360⁰ range (crank) and the other 
can oscillate only about an arc. For the double crank mechanism, both adjacent links can rotate 
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the full range. For a double rocker mechanism the links adjacent to the fixed link can only 
oscillate within a range of angles.  
A four-bar system can be characterized by Grashof’s theorem. The dimensions of a four bar 
linkage arrangement can be identified as follows: 
L   Longest link length 
S   Shortest link length 
P, Q   Intermediate link lengths 
The following can be shown to be true: 
• If P + Q < L + S then: 
o Double-rocker mechanisms are generated (the four mechanisms created 
differ according to which link is fixed). 
• If P + Q > L + S then: 
o Two different crank-rocker mechanisms are generated. The shortest link is 
the crank and the fixed link is either of the adjacent links. 
o One double-crank is generated if the shortest link is fixed. 
o One double-rocker mechanism is generated when the fixed link is on the 
opposite side of the mechanism to the shortest link. 
• If   P + Q = L + S  then: 
o Four possible mechanisms are possible as for the above criterion. These 
mechanisms will additionally have a change point. This is the angular 
arrangement where all of the links are collinear. At this condition the motion 
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is indeterminate and the two links adjacent to the fixed link need to be driven 
to obtain the subsequent arrangement desired. 
These mechanisms have been represented visually in Figure 65, Figure 66 and Figure 67. 
 
Figure 65   Four bar linkages with P + Q < L + S 
 
Figure 66   Four bar linkages with P + Q > L + S 
 
Figure 67   Four bar linkages with P + Q = L + S 
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Mechanisms that comply with the first case above are considered non-Grashof linkages. 
The remaining two cases are considered Grashof linkages. This knowledge will assist us in the 
design of a suitable shoe for directional energy transfer.  
In order to have a mechanism that has parallel sides we need to specify a mechanism that’s 
opposite side is equal in length, i.e. a parallelogram. 
6.2. Experimental 
6.2.1. Aim 
The aim of this experiment is to determine the relationship between silicone radius and 
stiffness in a simple 4 bar linkage mechanism with equal opposing sides. 
6.2.2. Apparatus 
Compression testing will be conducted on an Instron 5569 with a 10 kN load cell and flat 
platens. A pair of aluminium plates sandwich the test cell and lubricated steel rollers are 
sandwiched with another aluminium plate below that. The test cell has a depth of 60 mm, a 
centre height of 30mm, a pitch of 60mm and an angle of 30⁰. The joint material is Dalchem 
Elastosil M4644A/B with a Shore A hardness of 41 duro. Additional molds have been 
constructed to increase the radius of the two rounded inner faces. This allows testing with a 
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radius (r) of 10mm, 15mm, 20mm, 25mm, 30mm, 35mm, 40mm, and 45mm. This is depicted 
in Figure 69. 
 
Figure 68   Test Apparatus for 4 Bar Linkage testing 
 
Figure 69   A Lineup of all test cells conducted 
6.2.3. Procedure 
The compression of the sample occurs as part of a continuous series of 5 cycles. Each 
sample is compressed by 15mm at a rate of 10mm per minute and then unloaded at the same 
speed. This is repeated until the end of the 5 cycles. A ruler is placed within the shot along the 
plane of the front surface of the mechanism allows for accurate optical measurement of the 
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dimensions to determine raw thickness. Angle can also be measured optically using captured 
images of the test apparatus. 
6.2.4. Results 
To calibrate the apparatus initially a still image is analysed to determine the calibration 
factor. The number of pixels is correlated to the maximum dimension of the ruler and the factor 
calculated. 
 
Figure 70   Typical marked up screenshot of the 4-bar test cell  
At the commencement of the cycle 1 
This calibration is repeated for each image. The thickness of the test cell and the angle can 
then be measured at the beginning middle and end of each compression stroke. This is displayed 
for 2 cycles in Figure 71. 
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Figure 71   A typical angle to raw thickness correlation plot (r =10mm) 
The process was repeated for all r values to ensure accuracy of results. By analysing this 
displacement and angle data we obtain mathematical formulae linking both angle and raw 
thickness. The force-displacement information recorded by the compression testing machine 
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can then be used to compute stiffness of the test cell at all recorded points of compression for 
each r value.  
For the case of r = 10mm the stiffness value in the text and that the stiffness is constant up 
to 18deg. 
To determine the significance of this variation we can analyse the raw angular stiffness 
values in the angle range 10⁰ to 18⁰. See Table 12. 
Table 12   Angular stiffness averages for data in the range 10⁰ to 18⁰ 
 Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 
Average 3150.053 3542.812 3557.098 3597.793 3595.703 
SD 936.722 802.4858 740.4749 728.3848 753.5802 
The Result of a Tukey test are shown in Table 13. In the chart P denotes the probability. 
Table 13   Tukey test results for the cycles of r = 10 
Cycle A Cycle B Probability of difference in means 
1 2 P<.01 
1 3 P<.01 
1 4 P<.01 
1 5 P<.01 
2 3 Nonsignificant 
2 4 Nonsignificant 
2 5 Nonsignificant 
3 4 Nonsignificant 
3 5 Nonsignificant 
4 5 Nonsignificant 
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The averages of stiffness values for each R value can be displayed as the plots in Figure 72. 
 
Figure 72   Average Stiffness (left) and Average Angular Stiffness (right) 
As the radius r is increased the stiffness does also and becomes less constant in the small angle 
range. This is displayed in Figure 73. 
 
Figure 73   Angular stiffness [Nmm/rad] as a function of angle for all R values 
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6.2.5. Conclusion 
The variation of stiffness with subsequent cycles is not significant after the first cycle. The 
angular stiffness of the joint increases as a fourth order polynomial (R2=0.999) with the 
equation y = 0.001x4+0.525x3+32.91x2-764x+7193. 
6.2.6. Discussion 
This experiment has highlighted the need to repeat the cycling of the test rig more than once 
to ensure accurate and repeatable results. The lack of a significant difference in the mean 
stiffness after the first cycle reassures us that the system has reached a steady state. The 
constancy of the stiffness over the tested angle range was very high for R<30. After that point 
the stiffness is variable. This needs to be factored in to any designs involving silicone joints. 
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7. Shoe Curvature  
With an intent to build a fully functioning prototype it is clear that some understanding of 
how a shoe curves during natural running. This allows us to mimic this curvature in a final 
design to deliver adequate ergonomics. This chapter tests commercially available to determine 
the typical shoe curvature (Section 7.1). The chapter also looks at how curvature can be created 
using a four bar linkage system (Section 7.2). The chapter ends with a look at a mechanism in 
nature that may deliver the desired curvature (Section 7.3). 
7.1. Shoe Testing 
7.1.1. Aim 
The aim of this experiment is to determine a suitable level of curvature for a shoe based on 
commercially available running shoes.  
7.1.2. Apparatus 
In this experiment a variable speed electronic treadmill will be used to simulate the walking 
stride. The mode used is the Life fitness CLSTI Integrity Treadmill. A tripod mounted camera 
captures the stride of the athlete. The camera used is the Ricoh CX2 (capable of up to 30 frame 
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per second filming). The images have been calibrated using an accurate grid located at the plane 
of the athlete’s foot. This can be seen in Figure 74. 
 
Figure 74   Calibration of the camera to take measurements of curvature 
Four different shoes will be fully tested. They are Mizuno Wave, Nike Free, Brooks DNS 
and Asics Gel. An example of the testing can be seen in Figure 75. 
 
Figure 75   A typical Curvature Screenshot 
Ethics approval for this project has been granted: ASEHAPP 61 – 13 FUSS-DICKSON 
Optimisation of directional energy transfer in running shoes. 
7.1.3. Procedure 
Each shoe is tested by two athletes. Typically in a Biomechanics study a much larger sample 
size would be used. For the purpose of this investigation this is unnecessary as this is a 
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mechanical engineering thesis and Directional Energy Transfer optimisation is our objective. 
Factors like ergonomics (though important) are not the main focus of the project. The curvature 
established from this sample size shall be adequate to develop a functioning prototype. The 
curvature of both the inner and outer (lateral) side of the shoe sole is measured for each case of 
athlete and shoe model. The curvature is measured along the running surface of the shoe. The 
film of each case is used to obtain images at key points of the strides showing how the shoe 
curvature changes with time.  Software is then used to count pixels and identify angles. A test 
at high and low walking speeds will be conducted to determine its effect. Speeds are to be set 
to approximately 1.8 km/h for low speed and 3.6km/h for high speed. 
 
Figure 76   Example analysis of curvature dimensions for the Brooks shoe 
7.1.4. Results 
Speeds were set to approximately 1.8 km/h for low speed and 3.6km/h for high speed. 
Difficulty in adjusting this value led to significant variation in real walking speed. Using the 
heel angle of the shoe as the defining parameter is convenient. The curvature of the shoe 
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changes throughout the stride. The curvature is defined as the inverse of the radius of curvature. 
A typical example of this can be found in Figure 77. 
 
Figure 77   Curvature vs heel angle for high speed walking - Mizuno Wave, Athlete 2 
The other parameter of interest is the included angle. This measures the angle of the shoe 
sole between the heel and the toe. An example of how this measure varies with sole angle is 
shown in Figure 78. 
 
Figure 78    Shoe included angle for high speed walking - Mizuno Wave, Athlete 2 
The maximum curvature is useful to know for design purposes. Table 14 summarises this 
result for all of the cases. 
Table 14   Maximum Curvature for all cases 
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Speed Side Athlete Mizuno 
Wave 
Brooks 
DNS 
Nike Free Asics Gel 
Low Outer 1 9.596 12.432 8.085 9.803 
Low Outer 2 9.770 7.886 7.653 9.108 
Low Inner 1 8.464 9.269 13.548 6.522 
Low Inner 2 13.202 9.269 10.454 11.317 
High Outer 1 9.748 12.407 11.318 10.467 
High Outer 2 8.679 10.141 7.893 8.502 
High Inner 1 8.129 8.949 13.911 11.257 
High Inner 2 10.047 8.246 11.807 10.798 
The data can be further summarised as shown in Table 15. 
Table 15   Curvature measures at varied speed 
 Low speed High speed Combined 
Overall max curvature 13.549 13.911 13.911 
Average max curvature 9.721 10.144 9.933 
The overall summary of included angle can be found in Table 16. 
Table 16   Minimum shoe included angle at varied speed 
 Low speed High speed Combined 
Overall Min Angle 113.1 97.50 97.50 
Average Min Angle 128.16 123.12 125.64 
These values provide useful values to help make design choices. In addition to that, we 
would also like to know which of the test conditions have significant effect on the curvature of 
the sole. To do this we can use a t-Test within a region of shoe sole angle. What shall follow is 
an exposition of the methodology section describing the statistical analysis and the parameters 
and hypothesis to be tested.  
When comparing athletes. The null hypothesis of the F-test is that the variance of the two 
athletes in the angular range tested is identical. If the result obtained is not significant (P>0.05) 
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then the null hypothesis is retained and a two tail t-test can be used that assumes equal sample 
variances. If the result is significant (P<0.05) then a two tailed t-Test with the assumption of 
unequal variances and a magnitude analysis can be conducted. The Hypothesis then tested using 
the t-Test is that the mean values of curvature for the two athletes is the same. If this is not 
significant then we must assume that the mean curvature does not depend on athlete in that 
particular range. If, however, the statistical outcome is significant then a difference in curvature 
in the angular range can be considered to exist between runners. Analogous null and alternative 
hypotheses have been used when comparing speeds, shoe inner and shoe outer and also four 
types of shoe tested. The use of a magnitude analysis tests to determine the confidence interval 
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for the difference in the two means can also be used to determine whether a difference in 
curvature exists for a parameter. This has been done where appropriate. 
For all of the variables investigated for each shoe, 5 suitable heel angle ranges have been 
selected. They are 0⁰-12⁰, 12⁰-23⁰, 23⁰-35⁰, 35⁰-47⁰ and 47⁰-100⁰. Looking at the various 
parameters investigated we can begin with an Athlete comparison. 
 
Figure 79   Histogram showing frequency of angle for Athlete 1 & 2 (left/right) 
Table 17   Significance comparing athletes 
Heel angle 
region (⁰) 
F-test  
P-Value 
t-test  
P-value 
Statistical outcome 
0-12 0.06355 0.00354 Significant 
12-23 0.3757 0.1665 Not significant 
23-35 0.47957 0.44437 Not significant 
35-47 0.32827 0.78815 Not significant 
47-100 0.06414 0.03295 Significant 
 
The F-Test used to determine the Significance of the difference between the Variances of 
the two samples. The F-Test is applicable only to independent samples. If the result of the test 
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is P>0.05 indicates no significant difference detected between the variances of the two samples. 
This is not the case for any of these results so a two tail t-Test assuming equal sample variances 
can be used. The next variable we turn our attention to is Speed. Here we make the comparison. 
 
Figure 80   Histogram showing frequency of angle for low & high speed (left/right) 
Table 18   Significance comparing speeds 
Heel angle 
region (⁰) 
F-test  
P-Value 
t-test  
P-value 
Statistical outcome 
0-12 0.299645 0.462505 Not significant 
12-23 0.39144 0.227085 Not significant 
23-35 0.330588 0.94443 Not significant 
35-47 0.280634 0.131646 Not significant 
47-100 0.06605 0.468605 Not significant 
The F-Test used to determine the Significance of the difference between the Variances of 
the two samples. The F-Test is applicable only to independent samples. If the result of the test 
is P>0.05 indicates no significant difference detected between the variances of the two samples. 
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This is not the case for any of these results so a two tail t-Test assuming equal sample variances 
can be used. 
A comparison based on shoe side is displayed in Figure 81. 
 
Figure 81  Histogram showing frequency of angle for inner & outer of shoe (left/right) 
Table 19   Significance comparing speeds 
Heel angle 
region (⁰) 
F-test  
P-Value 
Appropriate 
test 
t-test  
P-value 
Statistical 
outcome 
Confidence analysis 
0-12 0.020227 t-Testa 0.055418 Not Significant VL96, VU2.1, VU1.9 
12-23 0.214507 t-Testb <.0001 Significant  
23-35 0.190318 t-Testb <.0001 Significant  
35-47 0.090839 t-Testb 0.544329 Not Significant P 71.5, VU 2.6, P 25.9 
47-100 0.00336 t-Testa 0.016006 Significant  
a Assuming Unequal Sample Variances. Two tail. 
b Two tail. 
The confidence analysis results are structured as follows: 
(beneficial or substantially >)    ,    (negligible or trivial)   ,    (harmful or substantially < ) 
The meaning of the symbols is given in Table 20. 
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Table 20   Statistical confidence interval key 
Key: 
ML  Most Likely 
VL  Very Likely 
L  Likely 
P  Possible 
U  Unlikely 
VU  Very Unlikely 
MU  Most Unlikely 
Numbers are as a % 
The heel angle data has been displayed in a histogram for the four shoes in Figure 82   
Histogram showing frequency of angle  Figure 82. 
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Figure 82   Histogram showing frequency of angle  
Mizuno (upper-left), Brooks (upper-right), Nike (lower-left) and Asics (lower-right) shoes 
The maximum curvature for each shoe for all of the tested cases is displayed in Figure 83. 
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Figure 83   Maximum Curvature by shoe for all cases 
The minimum angle is seen in Figure 84. 
 
Figure 84   Minimum angle by shoe for all cases 
a Assuming Unequal Sample Variances. Two tail. 
b Two tail. 
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Table 22 The statistical results for the different variations can be found in Table 21, Table 
22 and  
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Table 23. 
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Table 21   Significance comparing most different shoes 
Heel 
angle 
region (⁰) 
Shoes F-test  
P-Value 
Appropriate 
test 
t-test  
P-value 
Statistical 
outcome 
0-20 Mizuno and Brooks 0.04989 t-Testa 0.06248 Not Significant 
20-38 Mizuno and Brooks 0.141784 t-Testb 0.164987 Not Significant 
38-100 Mizuno and Nike 0.060678 t-Testb 0.0071 Significant 
a Assuming Unequal Sample Variances. Two tail. 
b Two tail. 
  
 105 
 
Table 22   T-test array p-values for the different heel angle regions.  
Underlined results are statistically significant. 
Heel angle 
region (⁰) Shoe  Mizuno Brooks Nike 
0-20 Mizuno 
   
Brooks 0.06248   
Nike 0.008373 0.316918  
Asics 0.626625 0.382873 0.101567 
20-38 Mizuno    
Brooks 0.164987   
Nike 0.969046 0.374796  
Asics 0.968266 0.25665 0.991364 
38-100 Mizuno    
Brooks 0.250261   
Nike 0.0071 0.235909  
Asics 0.57832 0.500067 0.033898 
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Table 23   Magnitude analysis array for the different heel angle regions 
Heel 
angle 
region 
(⁰) Shoe  Mizuno Brooks Nike 
0-20 Mizuno    
Brooks 
VL 95.3,VU 2.7, 
VU 2.0   
Nike 
VL 99.1,VU 0.7, 
VU 0.2 
U 81.2,U 5.6, 
L13.2  
Asics 
P 66.9, VU 3.6,  
P 29.6 
L 78.2, U 5.1,  
U 16.7 
L 92.8, VU 3.7,  
VU 3.5 
20-38 Mizuno    
Brooks 
L 89.5, VU 4.1,  
U 6.4   
Nike 
P 51.4, MU 0.3,  
P 48.3 
L78.9, VU 4.6,  
U 16.5  
Asics 
P 51.4, MU 0.3, P 
48.3 
L 84.7, VU 4.6,  
U 10.7 
P 50.1, MU 0.1,  
P 49.5 
38-100 Mizuno    
Brooks 
L 85.3 , VU 4.1,  
U 10.6   
Nike N/A N/A  
Asics N/A N/A N/A 
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7.1.5. Conclusion 
The curvature of the shoes was on average 9.9/m for all of the cases tested and the minimum 
included angle was 97.5⁰. So for the range of speeds tested (1.8-3.6km/h walking) there was a 
significant difference in curvature at the extremes of heel angle. So the athlete tested does in 
fact matter. The variation of curvature within the range of speeds tested does not effect. For 
various heel angle regions of heel angle there is a significant difference in curvature between 
the sides of the foot. There is also a significant difference in curvature between the shoes tested. 
7.1.6. Discussion 
Later in this thesis (Section 8) a prototype show shall be developed and this information 
shall prove useful for that process. Although there is significant curvature variation between 
shoes tested we can select a middle of the road curvature (the mean value) for our future design 
work. Also it will be useful to consider the minimum included angle to ensure that the shoe 
bends to a natural level. 
7.2. Curvature using a four bar linkage 
7.2.1. Introduction 
This section outlines how curvature can be created using a four bar linkage mechanism. 
A suitable general scenario is shown in Figure 85. 
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Figure 85   Curvature Nomenclature and Schematic 
 
Nomenclature 
a1  angle between link 1 and 4 in the first four- bar linkage element 
b1  angle between link 1 and 2 in the first four- bar linkage element 
c1  angle between link 3 and 4 in the first four- bar linkage element 
d1  angle between link 2 and 3 in the first four- bar linkage element 
a2  angle between link 1 and 4 in the second four- bar linkage element 
b2  angle between link 1 and 2 in the second four- bar linkage element 
c2  angle between link 3 and 4 in the second four- bar linkage element 
d2  angle between link 2 and 3 in the second four- bar linkage element 
L1  length of link 1 
L2  length of link 2 
L3  length of link 3 
L4  length of link 4 
N1  node 1 
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N2  node 2 
N3  node 3 
N4  node 4 
The motion of the mechanism shown in Figure 85 needs to be divided into several sections 
to describe it mathematically. The mechanism requires the use of different equations to be 
solved depending upon the angular position of each of the four bar linkage elements relative to 
the critical angle. The critical angle is the angle where a transition in solution occurs. This angle 
is calculated in Section 7.2.2. Starting from its zero curvature neutral position the mechanism 
shall be described fully. The different intermediate angular positions of the linkages can be 
determined by mathematical solution of the equations prescribed for each different phase of 
motion. These different phases are found in Sections 7.2.3, 7.2.4 and 7.2.5. The mechanism can 
continue to curve until it reaches the end of curvature. This is described in Section 7.2.6. Section 
7.2.7 then describes how to measure the curvature of this fully distorted mechanism. The 
practicality of a four bar linkage mechanism arrangement as a means of developing curvature 
in a shoe is established in Section 7.2.8. 
7.2.2. The critical angle 
For a four bar linkage of the type shown above there is an angle at which the mechanism 
effectively becomes a three bar linkage this occurs when link 3 and link 4 become parallel.  
At this point the elements will remain parallel as long as they are under tension. The 
geometry of this three bar linkage system is fixed and there are effectively zero degrees of 
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freedom. In order to determine this angle the Sine and Cosine law can be used. These general 
identities are described in general terms (Using nomenclature established in Figure 86). 
 
Figure 86   Trigonometry Nomenclature 
 
 =
 
	 =
 

     (Equation 16) 
 =  +  − 2      (Equation 17) 
In the above case of this system L = L + L + L-2LL + L cos a 
! = ! + ! + ! − 2!! + !    (Equation 18) 
So, angle  = " #$%
&'$('$)&"$&&
$%$('$)
*.   (Equation 19) 
The value of b (the critical angle) can be obtained as follows 
 	
$('$)
=  $&  .     (Equation 20) 
 
Giving  = +," #$('$) $& *.    (Equation 21) 
7.2.3. Solving b1 and a1 before b1 reaches the critical angle 
The links of the leftmost element form the vector equation: 
-.../ + -.../ + -.../ = -.../.     (Equation 22) 
Using complex numbers and identifying x as the real axis with y as the imaginary axis 
!0	% + !0%"	% + !01"% = !.       (Equation 23) 
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If we mirror about the real axis we get the following true expression 
!0"	% + !0"%"	% + !0"1"% = ! (Equation 24) 
and since 
01"% = −0%  ,     0"1"% = −0"%  (Equation 25). 
we have 
!0%"	% = ! − !0	% + !0%      , 
 (Equation 26) 
!0"%"	% = ! − !0"	% + !0"% . 
(Equation 27) 
By multiplying equation (26) by (27) 
! − !0	% + !0%2! − !0"	% + !0"%3 = ! 0%"	%0"%"	%.  
(Equation 28) 
By noting 
04 = 1        (Equation 29) 
gives 
! = ! + ! + ! + !!60% + 0"%7−!!60	% + 0"	%7 − !!60%"	% +
0"%"	%7 .         (Equation 30) 
Using the definition 
 8 = 209 + 0"93/2       (Equation 31) 
we get 
2!!  − 2!!  − 2!!  −  + ! + ! − ! + ! = 0. 
          (Equation 32) 
By dividing by 2!! yields 
$%
$&
 − $%$)  −  −  +
$%&'$&&"$(&'$)&
$&$)
= 0. (Equation 33) 
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This is known as Freudensteins equation: 
<  − <  + < −  −  = 0   (Equation 34) 
with 
< = $%$&         (Equation 35) 
< = $%$)         (Equation 36) 
< = $%
&'$&&"$(&'$)&
$&$)
        (Equation 37) 
For a known b1 the value of a1 can be found to satisfy this equation. 
7.2.4. Solving b2 and a2 before b2 reaches the critical angle  
The links of the rightmost element form the vector equation: 
-.../ + -.../ + -.../ = -.../                                       (Equation 38) 
Using complex numbers and identifying x as the real axis with y as the imaginary axis 
!0	& + !0&"	& + !01"& = !               (Equation 39) 
where  = = − . 
If we mirror about the real axis we get the following true expression 
!0"	& + !0"&"	& + !0"1"& = !         (Equation 40) 
and since 
01"& = −0&  ,     0"1"& = −0"& .   (Equation 41) 
This gives 
!0&"	& = ! − !0	& + !0&       (Equation 42) 
!0"&"	& = ! − !0"	& + !0"&  
          (Equation 43) 
By multiplying equation (42) by (43) we have 
! − !0	& + !0&2! − !0"	& + !0"&3 = ! 0&"	&0"&"	&.  
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(Equation 44) 
By noting 
04 = 1         (Equation 45) 
we get 
! = ! + ! + ! + !!60& + 0"&7−!!60	& + 0"	&7 − !!60&"	& +
0"&"	&7.         (Equation 46) 
Using the definition 
 8 = 209 + 0"93/2       (Equation 47) 
we get 
2!!  − 2!!  − 2!!  −  + ! + ! − ! + ! = 0. 
(Equation 48) 
Dividing by 2!! yields 
$%
$&
 − $%$)  −  −  +
$%&'$&&"$(&'$)&
$&$)
= 0  (Equation 49) 
This is known as Freudenstein’s equation 
<  − <  + < −  −  = 0    (Equation 50) 
with 
< = $%$&          (Equation 51) 
< = $%$)          (Equation 52) 
< = $%
&'$&&"$(&'$)&
$&$)
         (Equation 53) 
For a known b2 the value of a2 can be found to satisfy this equation. 
7.2.5. Solving b2 and a2 after b2 reaches critical angle but before b1 does 
Using the formulae in Section 7.2.2 the values of the lengths and angles for element 2 are 
known. The element is effectively a rigid element and has fixed geometry. The angles of 
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element 2 are given by (19) and (21) and the angles for Element 1 are found using (34), (35), 
(36) and (37). 
7.2.6. End of travel 
When element 1 reaches the critical angle condition then the end of travel is reached for 
both elements and the radius cannot reduce any further. This is shown in Figure 87. 
 
Figure 87   Four bar linkage end of travel 
7.2.7. Radius of curvature 
Consider Figure 88, it describes a suitable nomenclature to establish the radius of curvature 
of the mechanism when at its most distorted. 
 
Figure 88   Measuring radius of curvature 
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To compute the radius of a circle going through three points P1, P2, P3, the following 
formula can be used: 
- = |?%"?(|  9          (Equation 54) 
where θ is the angle P1P2P3 
The length |P1-P3| is determined using the law of Cosines (Equation 17). 
7.2.8. Curvature for practical shoe design 
In order to incorporate a 4-bar linkage based curvature mechanism into a prototype shoe a 
suitable practical geometry needs to be determined. If we stipulate a curvature of 10/m we shall 
have a resulting shoe that has comparable curvature to that of commercially available shoes. 
The geometry needed for a Directional Energy Transfer shoe will be one with an initial 
angle of 30⁰ and a thickness of 30mm to produce the optimal Directional energy transfer. This 
poses an issue however. It is unfeasible to design such a shoe with a curvature of 10/m. The 
greatest  curvature obtainable is  6.91/m as shown in Figure 89.  
 
Figure 89   Shoe arrangement optimised - heel thickness 30mm, initial angle 30⁰ 
The potential solution fails to give sufficient curvature to the shoe and has a very small 
enclosed area. This makes it impractical for use in the real world with a sensibly defined link 
thickness.  Increasing the shoe thickness provides no improvement to the curvature. On the 
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contrary. A 47mm shoe with an initial angle of 30⁰ has a maximum curvature of just 2.74/m. 
This is illustrated in Figure 90. 
 
Figure 90   Shoe arrangement optimised - heel thickness 47mm, initial angle 30⁰ 
To contrast this challenge, the design solution could be considered feasible if the initial 
angle considered were 40⁰ and the height of the shoe were reduced to 25mm. This is shown in 
Figure 91. 
 
Figure 91   Shoe arrangement optimised - heel thickness 25mm using, initial angle 40⁰ 
Observing the above geometry from a mechanism design perspective it is clear that this is 
not practical as a design solution. 
7.3. Biomimic principles 
Considering that the four bar mechanism arrangement is impractical, we turn our attention 
to a solution based on Biomimicry. The term Biomimic in our case refers to imitation of natural 
structures and principles within the design of the shoe. Specifically, we need a way to include 
the forefoot and toe in the release of stored energy. For our solution, we look to the horse. The 
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foot of the horse uses elastic tendons attached to rigid bones to propel the horse forward just 
before toe off.  
 
Figure 92   Horse lower leg anatomy 
Source: Scott (2013) 
A similar phenomenon exists in the human foot. See Figure 93 
 
Figure 93   Human foot anatomy and loading diagrams 
Source: Ananthanarayanan et al. (2012) 
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This design philosophy provides an alternative to the 4-bar linkage based curvature 
approach of the previous section. This is because nature is very efficient at developing effective 
solutions to evolutionary challenges and this mechanism can be adapted very easily adapted to 
provide appropriate curvature in a shoe, as we shall see. As the foot of the athlete passes the 
mid-stance the energy stored in the elastic materials of the shoe can be returned to the runner 
in an appropriate direction. Consider the conceptual model shown in Figure 94. 
 
Figure 94   Horse Tendon Model 
The tendons provide a restoring elasticity to two rigid bodies joined at an axis of rotation 
(represented as a circle). The stored energy in the tendon is released in the latter part of the 
stride as forces applied to the ground via the lower link. In a prototype shoe the tendon can be 
replaced by any elastic restorative force.  
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8. Prototype Shoe Design 
8.1. Objective 
The objective of the design is to create a prototype that can verify the effect of directional 
energy transfer in running. To accomplish this a design that maximised Directional energy 
transfer is desired. The ergonomic nature of the shoe is also important. This chapter aims to 
give the reader a complete justification of the rationale behind the design. There will also be a 
full and clear exposition of the design as manufactured and tested. 
8.2. Materials for shoe manufacture 
Due to ease of manufacture we are interested in the properties of these materials and their 
suitability for our prototype manufacture. The prototype materials manufactured by Objet 
VeroWhite and TangoPlus have the advantage that they can be 3D printed together to provide 
rigid and elastic elements together in an endless array of geometries. 
8.2.1. Rapid Prototyping digital material viscosity  
8.2.1.1. Aim 
The aim of this investigation is to determine how binary rapid prototyping processes affect 
the viscosity of the final prototype product. 
The viscosity values for the tested materials elasticity (R) and viscosity (η).   This will allow 
engineers to model the materials in FEA to determine real world behaviour of the tested rapid 
prototype materials. 
Viscosity is a phenomenon that results in energy dissipation in materials during 
deformation. This phenomenon contributes to the dynamic behaviour of solid materials. 
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8.2.1.2. Apparatus 
Compression testing will be conducted on an Instron 5569 with a 10 kN load cell and flat 
platens. 
 
Figure 95   Instron 5569 material testing system 
8.2.1.3. Procedure 
Testing will be performed on 8 samples (initially). These samples are made from VeroWhite 
and TangoPlus and also combinations of the virgin materials.  The material combinations used 
comply with the material specification codes DM_9740, DM_9750, DM_9760, DM_9770, 
DM_9785, DM_9795, as shown in Figure 96.  The samples made of the virgin materials 
VeroWhite and TangoPlus Conform to material specifications VW830 and TP 930 as shown in 
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Figure 97 and Figure 98 respectively. The samples will be fully cured and have the following 
dimensions: 40mmx40mmx10mm as shown in Figure 99. 
 
Figure 96   Objet material specifications 
Source: Objet (2012) 
 
Figure 97   Vero material specifications 
Source: Objet (2012) 
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Figure 98   Tango material specifications 
Source: Objet (2012) 
 
Figure 99   Schematic of the Test Specimen 
The samples was be prepared on an Objet Connex 350 3D printer, the model shown in 
Figure 100 
 
Figure 100   An Objet Connex 350 
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The parameters describing the viscosity can then be extracted from a series of tests of each 
material. The material was be loaded at various strain rates (for example 160mm/min, 
60mm/min, 50mm/min, 5mm/min, 16mm/min, 1.6mm/min, 0.5mm/min) where possible to a 
suitable level of deformation. This data gave everything we need to determine the viscosity 
parameter for the material.  Tests will be conducted using an Instron 5569 with a 10 kN load 
cell. For all samples, data was collected at 50 Hz for 500 mm/min, 16 Hz for 160 mm/min, 6 
Hz for 60 mm/min, 5 Hz for 50 mm/min and 0.5Hz for 5 mm/min crosshead velocity. 
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Compression testing will be conducted with flat platens on the samples using the instrument 
shown in Figure 95.  
 
Figure 101   Specimens used for the Test 
Note the material specification tabs. Left top to bottom right: TP 930 DM_9740, DM_9750, 
DM_9760, DM_9770, DM_9785, DM_9795 and VW830 
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Figure 102   The two Digital Materials mixed in the other samples 
8.2.1.4. Results 
Plotting the Stress versus time on a logarithmic time scale confirms that the material is 
logarithmic. The data displayed in Table 24 has been calculated from the tests. 
Table 24   Rapid prototype material properties 
Material code Strain η 
TP930 0.21 116816 
TP930 0.43 346183 
VW830 0.046 1289344 
VW830 0.058 4313478 
It is worth noting that eta increases with strain as expected. Also the stiffer Vero White 
(VW) is more viscous as is expected because it is a stiffer material.  
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8.2.1.5. Conclusion 
The material is logarithmic and highly viscous. A sample made from this material when 
deformed does not return a significant amount of energy when loading is removed. Materials 
with a higher portion of VeroWhite are much stiffer. 
8.2.1.6. Discussion 
The tests tend to indicate that these materials, though convenient, are not suitable for final 
sports shoe testing. They may be acceptable for aesthetic assessment and basic feasibility of 
prototypes, but their mechanical properties are insufficient for a real demonstration of 
directional energy transfer.  
8.2.2. Silicone 
The silicone used during this entire investigation is manufactured by Wacker. It is 
designated Elastosil M644 A/B. It is a two part addition cured silicone that vulcanizes at room 
temperature. The liquid mix has an acceptably low viscosity meaning that it will run into tight 
crevices and allow any larger bubbles to rise to the surface and pop. The viscosity is also 
sufficiently high that the Silicone will stay in a mold with seams if there are no obvious gaps. 
The material has a working life of around 90 minutes at room temperature and a curing time of 
24 hours. The material has a very low material viscosity when cured. This makes it ideal for 
minimizing energy losses. The material is reasonably safe to handle in liquid form and quite 
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inert as a cured material. The Material Safety Data Sheet (MSDS) should be obtained and 
reviewed before handling the material. 
 
Figure 103   Extract from Elastosil M644 A/B Technical Data Sheet  
Source: Wacker (2014) 
Compression of a silicone sample identical to that tested in 8.2.1 shows the very low 
viscosity of the sample. After full curing the sample was compressed at 3 crosshead speeds: 
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5mm/min, 50mm/min, and 500mm/min. The resulting stress-strain curves show how crosshead 
speed does not significantly change the stress at a given strain. See Figure 104 
 
Figure 104   Silicone material. Stress vs Strain. 
For the purposes of this project we can ignore the insignificant viscosity of this silicone. 
8.3. Rapid Prototype Shoe  
In order to determine the feasibility of a 4 bar linkage shoe and test the efficacy of a 
graduated heel design, the following prototype has been constructed. 
 
Figure 105   RP Shoe Design Model 
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Figure 106   RP Shoe Prototype made from Tango and Vero Objet materials. 
The high viscosity and low stiffness of the material was such that the shoe was unusable by 
an athlete. The material was also inappropriate for the raised apron. This is because it did not 
adhere adequately to the body of the shoe. The model did however provide valuable information 
on how the shoe would respond to forces. This was promising and showed the feasibility of a 
4-bar linkage shoe. 
8.4. Design Methodology 
To determine a suitable design methodology we must distil all of the developed 
understandings about Directional Energy Transfer. To move from a proof of concept type 
design presented in Section 8.3 to an appropriate prototype for quantitative testing additional 
analysis needs to be conducted. This section shall present this analysis and develop such a 
prototype. A four bar linkage for the sole shall provide a simple lightweight and compact means 
of implementing Directional Energy Transfer. The toe of the shoe will have a suitable capability 
for curvature while ensuring that the transfer of energy as forward force continues after the 
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athlete raises their heel. Optimisation of the side link angle shall be conducted using the now 
well explored numerical model tailored to the four bar linkage design. The Biomimic design 
will be implemented because it will allow for a simple and direct mechanism to be implemented.  
8.4.1. Prototype optimisation 
The initial side link angle is a key parameter to ensure an optimised shoe prototype. Two 
heel thicknesses are investigated to see if there is any disadvantage to selecting a practical heel 
thickness of 30mm. The thickness is measured between the inner faces of the top and bottom 
plates of the prototype. This means a shoe made with the design would be thicker overall than 
the quoted.  It is expected that a greater heel thickness will enable more energy transfer due to 
a greater distance over which force is applied to the elastic element. In the model a length (shoe 
width) has been used to modify the stiffness in a practical way and the give an indication of the 
practicality of the shoe model generated. The model uses an input force profile typical of 
running as shown in Figure 44. The stiffness per unit length and the material used is derived 
from prior testing with the test cell. The shoe has been optimised with a spreadsheet. 
Table 25   Modelled 30mm and 40mm shoes 
Sole 
Thickness 
Initial Angle 
[⁰] 
Stiffness 
[N/mm] 
%E-
transfer 
Etrans 
[mJ] 
maxEret 
[mJ] 
Etot 
[mJ] 
40 15 727 6.3122 945.275 917.259 14980.3 
40 17.5 735 8.74589 967.171 953.721 11068.9 
40 20 695 10.7463 970.532 965.734 9045.56 
40 25 602.5 14.4128 967.164 974.835 6731.89 
40 30 523 17.9355 957.931 975.959 5369.63 
40 35 458 21.4392 945.183 973.169 4445.14 
40 40 404 24.9903 930.078 968.451 3767.04 
40 45 358.5 28.6477 911.804 961.608 3238.33 
40 50 319 32.4594 890.803 953.777 2812.06 
40 60 253.2 40.7644 834.19 932.529 2147.9 
40 70 199 50.2527 743.396 902.026 1639.97 
40 80 153.2 60.4729 570.533 856.823 1230.88 
40 88 122.3 65.3048 286.523 810.11 963.085 
30 20 313.5 8.28217 929.692 910.941 11230.8 
30 22.5 319.2 10.7301 949.213 941.364 8857.12 
30 25 308.5 12.766 954.158 953.721 7489.26 
30 30 278.5 16.488 952.485 963.78 5799.68 
30 35 249.2 20.057 944.213 965.992 4738.52 
30 40 223.2 23.6125 932.07 964.416 3987.05 
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30 45 200.2 27.2267 917.475 961.253 3419.57 
For the 40 mm shoe sole a large range of angles have been investigated and optimised. 
A small angle step ensures that the results are of sufficient resolution to make a design 
decision. The angular range of 20-45⁰ has been displayed in Table 25. Comparison with the 
results for a 40mm thick sole indicate only a minor drop (less than 3%) in Etrans and maxEret 
and counterintuitively an increase in Etot. Based on these results a sole thickness of 30mm and 
an initial angle of 35⁰ shall be selected for the four bar linkage design. This shall maximise 
maxEret and is practically equivalent to the maxima of Etrans for that sole thickness. 
8.4.2. Prototype shoe upper design 
The prototype shoe heel needs to hold the athlete’s foot secure within the shoe in comfortable 
and ergonomic fashion. A simple way to do this is to find a suitable ‘barefoot’ shoe that can be 
attached to the top face of a manufactured shoe sole. This provides a quick and easy solution 
provided that the sole of the ‘barefoot’ shoe is sufficiently thin and flexible to ensure minimal 
energy absorption and ergonomic functioning. Any branding on the shoe upper will be removed 
to avoid any confusion as to the origin of the technology and the design.  
8.4.3. Prototype shoe heel design 
The prototype shoe heel shall incorporate silicone in compression as the elastic member. This 
is consistent with previous experiments. The silicone used shall be silicone Dalchem Elastosil 
M4644A/B. The material area to be compressed can easily be modified to alter stiffness of the 
shoes. The main body of the shoe shall consist in cross section of top and bottom rigid plates 
with three side links joining them. Strictly speaking, only two side links are necessary. The 
third side link is present to reinforce the centre of the shoe and increase the stiffness of the rigid 
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mechanism. The optimum Directional Energy Transfer is obtained when the initial 
uncompressed shoe has a side link angle of 30⁰. 
8.4.4. Prototype shoe toe design 
The toe will incorporate the most promising and innovative design solution, the Biomimic 
principle. The design will incorporate a toe piece that pivots about an axis of rotation located at 
the ball of the foot. The toe piece will be coupled to the rear of the shoe in order to implement 
a transfer of energy. The design is to consider how the foot shall interact with the prototype 
shoe sole around the pivot axis. The structure of the top plate moves down and back upon 
compression of the shoe. This creates challenged in maintaining a joint that remains ergonomic 
to the athlete. 
The location of the pivot point is crucial to ensure a suitably ergonomic design. The toe piece 
itself needs to be light and stiff to ensure that the toe piece does not impede the transfer of 
energy. This would be the case for a have toe piece due to its kinetic energy and low stiffness 
due to elastic potential energy. 
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8.5. Design overview 
The design of the prototype shoe consists of an assembly of parts made of ABS polymer, 
Aluminium and Steel. The prototype frame is the most critical part of the design. It is the key 
to obtaining directional energy transfer from the shoe. In Figure 107 the frame assembly is 
shown at different levels of compression from the side. Each of the small circles is a pin that 
acts as a pivot point. 
 
Figure 107   Biomimic shoe in different levels of compression 
Uncompressed, half compressed, fully compressed (top to bottom). 
The elastic restorative force of the shoe is provided by silicone blocks in each 4-bar linkage 
interior. The upper of the shoe shall be adhered to the top plate of the Biomimic shoe using 
shoe laces strapped through custom made anchor points. Details of the Prototype design can be 
found in Appendix A 
8.6. Rapid Prototype 
In order to ascertain the potential of this radical new design a solid rapid prototype assembly 
using ABS plastic. The model requires steel pins to ensure secure joining of the links. The 
technology to print a long slender pin in ABS is not presently able to deliver sufficient strength 
or a smooth enough part. The resulting assembly does not have the required stiffness to function 
as a working prototype for athlete testing.  The assembly does however allow for the assembly 
procedure and the design itself to be rapidly verified. The design did have some minor 
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amendments made after review of the RP prototype. This related to tolerances and a rounded 
toe piece. The RP shoe sole is shown in Figure 108 
 
Figure 108   RP manufactures Biomimic Prototype 
8.7. Manufactured Biomimic Prototype shoes 
Having incorporated changes into the design, the final Biomimic shoe prototype was 
manufactured. The resulting mechanism was a freely moving structure that was very rigid in 
the links. Tolerance of the pins was such that there was a firm yet free moving connection. In 
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Figure 109 the steel pins, aluminium machined parts and rapid prototyped toe section have been 
assembled and fastened with e-clips. 
 
 
Figure 109   Prototype Biomimic Shoe 
Additional commissioning is required to make the structure into a wearable shoe. This will be 
described in Section 9. 
8.8. Reversed prototype 
8.8.1. Objective 
The aim of this prototype is to validate the effectiveness of Directional energy transfer in 
the previous shoe prototype. That is, to reverse the direction of energy transfer and measure the 
difference. This difference will allow strong conclusions to be made about the prototype and 
the effect of Directional Energy Transfer when incorporated into a design. The objective of the 
design is to mirror the Biomimic shoe as closely as possible with the direction from the transfer 
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of the shoe reversed. The experiments conducted with such a prototype will also further debunk 
the effectiveness myth of the Adidas spring blade shoe. 
The Adidas spring blade shoe fails to provide any performance advantage with regards to 
the principles of Directional Energy Transfer from a theoretical perspective. On the contrary, 
the forces of the shoe would act to reduce performance of the athlete. The existence of the 
design on the market shows that there is still a lot of misunderstanding among sports shoe 
manufacturers about how Directional Energy Transfer works. A prototype with a design that 
has reversed directional energy transfer would be a useful aid in assisting designers to 
understand the technology more fully. 
 
Figure 110   The Adidas spring blade shoe 
This chapter aims to give the reader a complete justification of the rationale behind the 
design of the reversed shoe. There will also be a full and clear exposition of the design as 
manufactured and tested. 
8.8.2. Design concepts 
8.8.2.1. Shoe features 
An important aspect of the reversed mechanism is similarity in the heel strike position 
relative to the athlete’s foot. The thickness of the sole must also be identical. For the angle of 
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the side links we need an angle that is the horizontal reflection of the original reversed 
prototype. The mechanism design needs to match the velocity of the toe portion for both shoes 
as a function of position in order to ensure the energy imparted by the mechanism is identical. 
This ensures that the differences noted in athlete performance are due to the directional energy 
transfer alone. 
8.8.2.2. Reversed mechanism 
Due to difference in the direction that the reversed mechanism moves there are challenges 
related to the hinging of the toe piece. If the hinging point is placed in the same location as that 
of the Biomimic shoe. The issue with this is that the forward movement of the top plate of the 
heel clashes with the rotational movement of the toe creating ergonomics and design issues too 
great to be resolved. There are two evident solutions to this. Move the rotation axis to a better 
location or incorporate a sliding hinge mechanism. In the following sections both of these 
designs will be explored.  
8.8.2.3. Reversed slider mechanism 
In order to ensure that the join between heel and toe sections of the prototype sole are ergonomic 
an additional slider link can be added. The link shall ensure that the join is similar to the original 
Biomimic shoe by sliding the axis of rotation forward a short distance. The mechanism needs 
to be fully engaged before rotation of the shoe to ensure the mechanism is free functioning. 
This has the advantage of ensuring that the overlap of the top plate and toe piece is kept the 
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same as that of the original Biomimic prototype. It also enables us to use the same toe piece as 
we shall see in Section 8.8.3. 
8.8.3. Possible design solutions 
8.8.3.1. Reversed mechanism 
The compression of the slider mechanism is illustrated in Figure 110. 
 
Figure 111   Reversed Biomimic shoe in compression 
All of the critical dimensions have been kept the same as for the original Biomimic shoe. In 
particular, the relative position of the heel strike point to the top plate and the horizontal position 
of the pivot axis to the toe strike point. The design results in a very large overlap between the 
toe piece and the main body of the sole. This would cause ergonomic and mechanical issues if 
the shoe upper were to be adhered completely to the top faces of the shoe. The design illustrated 
has a pivot axis at the uncompressed centreline of the shoe sole. This has the effect of reducing 
the overlap considerably. The resulting design is an improvement, although still a large overlap. 
An alternative way to make such a design work is to adhere the upper at the heel only and 
provide a low friction sliding interface at the toe extending beyond the overlapping portion of 
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the joint. Overall, this design is not suitable to be manufactured as it will not provide a reversal 
of the directional energy transfer without additional issues with ergonomics. 
8.8.3.2. Reversed Slider Mechanism 
The compression of the slider mechanism is illustrated in Figure 112. 
 
Figure 112   Reversed Biomimic slider shoe in compression 
Details of the Reversed Prototype design can be found in Appendix B. 
The advantage of such a design is that the shoe compensates for such a large difference in 
the velocity of the top plate relative to the ground.  
8.8.4. Velocity Function and Mechanism Range 
The velocity function of the prototype is a measure of how much angular motion is present 
at the toe piece for a change in the level of shoe compression. The position function is a measure 
of the angular position of the toe piece as a function of the displacement of the top plate of the 
shoe (compression). The value of both of these functions has been measured at 5 displacement 
positions within the range of displacements. The range extends from the prototypes natural 
position with no compression and a displacement of zero through to full compression with a 
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displacement of 11.789mm. Table 26 lists the angular position and velocity at each of these 
displacements. 
Table 26   Angular position and angular velocity vs displacements for three prototypes 
 
The Maximum displacement in Table 26 is 11.789mm. This represents the maximum 
displacement of the original Biomimic shoe prototype and has been designed into other 
prototypes as the maximum displacement with the use of hard stops. The angular position has 
been plotted in Figure 113. 
 
Figure 113   Plot of angle vs position for three prototypes 
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The Angular velocity function is plotted in Figure 114. 
 
Figure 114   Plot of velocity vs position for three prototypes 
Note that the original Biomimic shoe has a velocity function that differs from the reversed 
Biomimic shoe despite careful matching of the designs to reduce this difference to a minimum. 
The slider mechanism results in excellent matching of the velocity functions. This is a further 
evidence suggesting that a slider will ensure better matching of the angular velocity. This does 
however add an additional complex mechanism. Also the point of rotation of the shoe on the 
running surface must slide forward. This motion means that the elements will be imparted with 
kinetic energy. This is a significant drawback to such a design. The slider does however ensure 
that the point of rotation relative to the foot and the angle of rotation is the same as for that of 
the original Biomimic shoe. This is highly important from an ergonomics perspective. It means 
that the reversed slider mechanism shall result in the most similar shoe in terms of the way the 
foot interacts with the shoe.  The design ensures directional energy transfer has been reversed 
due to a horizontally mirrored side link mechanism. 
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9.  Shoe commissioning and testing 
9.1. Stiffness 
Both the Biomimic shoe and the Reversed slider Biomimic shoe require an appropriate elastic 
stiffness.  The actual stiffness needs to be matched and then verified via testing both before any 
athlete testing and after all experiments to ensure similarity of the two sets of prototype shoes. 
The stiffness of the shoes shall be specified to ensure that the shoes will not bottom out even 
for the heaviest athlete to be tested. Bottoming out of the mechanism would represent a loss of 
energy which is undesirable. The stiffness is modified by changing the area of silicone material 
used to reinforce the elastic compression stiffness of the shoe. The same silicone material will 
be used in both prototypes (Dalchem Elastosil M4644A/B). Care needs to be taken to ensure 
sufficient clearance is given when fitting the elastic elements in the Biomimic shoe due to the 
reduced side link pitch in the reversed prototype. The pitch in the Reversed Biomimic shoe is 
only 57.4mm compared to 80mm in the Biomimic shoe. 
9.2. Built in sensors 
Three sensors are attached to the prototype shoe. They consist of an accelerometer and two 
gyroscopes. The accelerometer shall record the acceleration of the athlete’s foot in all 
directions. The two gyroscopes shall measure the rotation of the top plate and the top piece of 
the prototypes. The sensors used are the Sparkfun Triple Axis Accelerometer Breakout - 
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MMA7361 (See Figure 115) and the STMicroelectronics STEVAL-MKI076V1 (See Figure 
116). 
 
Figure 115   Sparkfun Triple Axis Accelerometer Breakout - MMA7361 
 
Figure 116   STMicroelectronics STEVAL-MKI076V1 Gyroscope isometric view 
The sensor system is powered by an onboard battery and records data to memory on the data 
acquisition board. The data is downloaded to a computer via a USB cable after the experiments 
have been conducted. The data logger used is a Sparkfun Logomatic v2 
 
Figure 117   Sparkfun Logomatic v2 Serial SD datalogger. Top and bottom view 
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9.3. Runner comfort 
The shoe upper plays a key role in runner comfort. A light upper with a very thin and flexible 
sole has been chosen to protect the foot without interfering with the free functioning of the 
mechanism. The Nike Free Hyperfeel has been selected to be used. They are shown in Figure 
118. 
 
Figure 118   Nike Hyperfeel 
 
Loops made of upholsterers’ cotton shall be used to provide secure anchor points to the 
prototype sole structure. The four points shall be tied down with shoe lace material firmly. 
9.4. Grip 
An aluminium base does not provide for much grip. Particularly on the metal surface of the 
force plate it is unsafe. To provide grip with minimal effect on the dynamics of the shoe, a 
layer of 1.5mm neoprene has been used. The material is thin and stiff ensuring that is does 
not store a significant amount of energy. The neoprene is affixed firmly in to place using a 
spray on pressure sensitive adhesive. At the rear of the shoe the neoprene has been rolled 
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around and adhered to the top plate to ensure firm attachment. The sole structure with rubber 
grip material attached can be seen in Figure 119. 
 
Figure 119   Neoprene grip surface on the Biomimic Prototype 
9.5. Integrated Shoe set up for walking 
The final step to preparing the prototype shoe is the elastic element. The element is to be 
sufficiently thick to provide a restoring force as soon as a deflection of the mechanism occurs. 
The horizontal dimensions of the spacer are dependent on the required stiffness. This is also 
dependant on the material and body weight of the athlete to some degree. This prototype shoe 
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uses Elastosil M644 A/B. The Silicone parameters must be carefully selected to ensure that at 
maximum force during walking the shoe does not bottom out. 
 
Figure 120   Fully assembled Biomimic prototype set up for walking 
 
Figure 121   Biomimic shoe walking and spacer showing maximal deflection 
The sprung sole shall be tested in Section 9.7. 
9.6. Integrated Shoe set up for running 
To set up the shoe for running a different set of silicone springs are to be employed to 
that described for walking. These silicone blocks have been selected by estimating the 
maximum forces on the shoe based on athlete bodyweight. The blocks shall have a small 
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amount of clearance at maximum force to ensure smooth ergonomic running. The sprung sole 
shall be tested in Section 9.7. 
9.7. Directional energy transfer prototype loading validation 
Before the prototype shoes can be validated by athletes some initial testing needs to take 
place. The shoes need to be checked to ensure the force vs displacement and the angle of the 
toe for the actual physical shoe. This ensures that the shoes have been manufactured properly. 
An additional test is needed that checks the accuracy of the sensor setup.  
9.7.1. Aim  
The aim of this experiment is to test the stiffness of both shoe prototypes and verify the 
relationship between shoe compression and toe angle. 
9.7.2. Apparatus 
Compression testing will be conducted on an Instron 5569 with a 10 kN load cell and 
flat platens. A lubricated roller system ensures that the horizontal displacement occurs 
unimpeded. 
9.7.3. Procedure  
Testing shall be conducted on the Biomimic prototype shoe set up for running and 
walking separately. For each of the shoe assembly configurations (running and walking) both 
the left and right shoes shall be tested twice to ensure consistency. The shoe shall be measured 
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in the compression stroke to a compression of 13mm. This ensures that the mechanism does not 
reach its end stop. 
9.7.4. Results 
The test setup for walking when subjected to loading is shown in Figure 122. 
 
Figure 122   Compression testing of the Biomimic shoe sole when set up for walking.  
Before (above) and after (below) 
The test setup for walking when subjected to loading is shown in Figure 123. 
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Figure 123   Compression testing of the Biomimic shoe sole when set up for running 
Before (above) and after (below) 
 
In the following analysis only loading data is considered to determine the stiffness. For the 
walking data a running average (with a window width of 55) has been selected and displayed 
in Figure 124.  
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Figure 124   Stiffness vs Compression for the prototype shoe setup for walking 
The fit shown is a Polynomial fit of 7th order with equation  
y= -53.9829454+84230193.88x-
5.057575719E+010x2+1.646173611E+013x33.035207471E+015x4+3.176684169E+017x5-
1.757412769E+019x6+3.992083219E+020x7 
Stiffness can also be expressed as a function of angle as shown in Figure 125. 
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Figure 125   Stiffness vs Angle for the prototype shoe setup for walking 
The fit shown is a Polynomial fit of 8th order with equation  
y= -9.998546442+37948.51459x-246749.7811x2-2233394.233x3+43783153.77x4-
275252427.6x5+857877972.7x6-1340159221x7+838134985.6x8 
For the running data a running average (with a window width of 81) has been selected and 
displayed as Figure 126.  
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Figure 126   Stiffness vs Angle for the prototype shoe setup for running 
The fit shown is a Polynomial fit of 7th order with equation  
y= -21044.33306+109606360.1x-
2.618321238E+010x2+1.175974863E+012x3+5.600185552E+014x4-
9.942024004E+016x5+6.27450079E+018x6-1.358103799E+020x7. 
9.7.5. Conclusion 
The stiffness of the Biomimic shoe both in walking and running can be determined with 
a running average fit and then a polynomial fit of suitable order. 
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9.7.6. Discussion  
There are some minor deviations in the running average from the polynomial curve fit. 
This is insignificant due to the small magnitude of these deviations and the small range of 
deflection over which they occur. These curves enable the deflections of the shoe to be 
converted into forces for later analysis. 
 
9.8. Directional energy transfer prototype sensor validation 
9.8.1. Aim  
The aim of this experiment is to validate the functioning of shoe sensor system on the 
Biomimic shoe prototype. 
9.8.2. Apparatus 
The instrumented Biomimic shoe shall be set up with the sensors from the sensing unit.  
 
Figure 127   Sensor system on the DET Shoe  
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The data can be downloaded using a USB cable to a PC. Elastic strapping is used to ensure 
cables are restrained and the datalogger is held securely at the athletes’ waist.  
9.8.3. Procedure  
In the sensor functioning test the experimenter shall (as shown in Figure 128): 
1. Switch on the instrumented shoe on a clear stable bench surface. 
2. Pause. 
3. Quickly slide the shoe forward and back (I). 
4. Pause. 
5. Quickly raise the shoe up and down (II). 
6. Pause. 
7. Quickly rotate the toe piece up and back with the heel firmly on the bench (III). 
8. Pause. 
9. Quickly rotate the toe piece up and back with the heel firmly on the bench (IV). 
10. Pause. 
11. Switch off the sensor unit. 
 
Figure 128   Sensor tests used to confirm sensor functioning 
For the stationary average test: 
1. Place the instrumented shoe on a sturdy bench. 
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2. Switch on the sensor unit for around 10s. 
3. Switch off the sensor unit. 
After testing, download the raw data from the data logger with a USB cable. 
9.8.4. Results 
The configuration of the data logger is specified by the config file located in the data loggers 
on board memories. The config file contains the text shown in Figure 129 
 
Figure 129   Data logger config file 
Due to the way that the data logger is wired, the config file commands the data logger to 
record the information shown in Table 27. 
Table 27   Active channel for the data logger 
Data logger Channel Parameter measured 
AD0.3 y acceleration 
AD0.2  -x acceleration 
AD0.4 Top plate rotation 
AD1.6 Side link rotation 
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Output format of the data logger is of the format shown in Table 28. 
Table 28   Data logger output format 
y acceleration 1 -x acceleration 1 Top plate rotation 1 Side link rotation 1 
y acceleration 2 -x acceleration 2 Top plate rotation 2 Side link rotation 2 
y acceleration 3 -x acceleration 3 Top plate rotation 3 Side link rotation 3 
… … … … 
 
The result of the sensor test is shown in Figure 130. 
 
Figure 130   Sensor test results (raw data logger output) 
The results of the stationary shoe testing are shown to be Figure 131. 
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Figure 131   Data logger output for stationary shoe 
The units shown for sensor data are based on the data logger range of 0-1023 
corresponding to 0V to 3.3V. To establish the real world measurement we note that the 
sensitivity of the Accelerometer is 800mV/g and the gyroscope sensitivity is 0.67mV/dps. 
Each increment in the data logger signal corresponds to 3300/1023= 3.22581mV/increment. 
So we expect that for the accelerometer 3.22581mV/increment /800mV/g 
=0.0040323g/increment.  For the Gyro’s 3.22581mV/increment/0.67mV/dps = 
 158 
 
4.8146365dps/increment. This gives direct conversion to Acceleration and rotation based 
on deviation of the signal from the mean signal values of Table 29. 
Table 29   Statistics of the output signal for a stationary shoe 
 Y -X ωtop plate ωside link 
Range 72 85 3 4 
Mean 688.3 530.8 462.2 459.7 
Standard deviation 3.971 4.216 0.5193 0.629 
9.8.5. Conclusion 
The sensor setup is functioning correctly and the information needed to convert from raw data 
to acceleration data has been obtained. 
9.8.6. Discussion  
The signals for acceleration have a greater amount of noise. A filter shall be required to ensure 
an accurate acceleration is obtained. The tests conducted will be invaluable for ensuring that 
the signal data origin is known and can be accurately processed. 
9.9. Athlete Testing of Prototype Shoes 
9.9.1. Aim  
The aim of this experiments is to test the prototype shoe to confirm the presence of directional 
energy transfer. Testing will be conducted at walking pace. 
9.9.2. Apparatus  
The Biomimic prototype will be utilised in conjunction with a built in accelerometer and two 
gyroscopes coupled to an on board data logger. A high speed camera will also be used An 
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Xstream XS – 4 with Nikon adjustable magnification lens shall be used. A Kistler force plate 
will be used in the experiments to measure forces that the ground applied to the shoe. 
9.9.3. Procedure 
The experiment has been granted ethics approval through the university (ASEHAPP 61-13 
FUSS-DICKSON).  The participant will be asked to walk over flat ground with a smooth ramp 
leading up to the force plate. A successful test pass is one making good contact with the plate 
with the shoe hinge centred on the trailing edge of the force plate without modifying their stride 
from a normal gait. A high speed camera will record the lower leg at the location of the force 
plate. The shoe has unobtrusive sensors to record positional and rotational acceleration of the 
shoe. To be considered successful a pass needs to be one where data from all sensors is 
successfully recorded and the shoe hinge point touched the very edge of the force plate with a 
natural stride. A total of 5 successful passes are required. 
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9.9.4. Results 
A typical image of heel strike, foot flat and heel raise can be seen in Figure 132, Figure 132 
and Figure 133 respectively. 
 
Figure 132   Heel Strike image from Walking B 
 
Figure 133   Foot flat image from Walking B 
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Figure 134   Heel Strike image from Walking B 
The typical results from a successful walking test is as shown in Figure 135. The figure is 
displayed with multiple axes showing the acceleration, force plate and side link angle. 
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Figure 135   Walking A data 
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Separating out the force data we can see the variation of force plate data between subsequent 
passes of the athlete. This is displayed in Figure 136. In the plot Fz denotes vertical forces and 
Fy the horizontal forces. The direction of the axis is Up-down (ud) and Anterior-posterior (ap) 
for Positive-negative sign respectively. 
 
Figure 136   Force plate data for prototype testing 
Some variation in the force plots is due to small variations (of the order of a few millimetres) 
in the position of the shoe on the force plate. This means that the axis of rotation varies. The 
above data are all acceptably close to the edge of the force plate and show the range of forces 
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on the heel. In order to obtain the above shoe positional accuracy while exhibiting a natural 
stride many passes were neglected for being too far off the mark. 
Now we take the average of the forces in all of the above tests and apply a tenth order 
polynomial to each force component results in Figure 137. 
The polynomial equation for the force plate z force is: 
y= -1.130665145+5108.749462x+67488.12747x2-417963.6233x3-
4123576.556x4+51208189.75x5-234767807x6+581044584.5x7-818163015x8+616523329.7x9-
193099556.9 x10 
The polynomial equation for the force plate y force is: 
y= -0.6960030703+95.73601134x-62964.65548x2+1008939.9x3-7814845.556x4+ 
36256816.44x5-106053948.5x6+195716005.8x7-219865326x8+136786384.1x9-
36058406.89x10 
 
Figure 137   Averaged force plate data 
Data results in the Energy plot for each walking pass are shown in Figure 138, Figure 139, 
Figure 140, Figure 141 and Figure 142. 
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Figure 138   Energy plot for Walking A 
 
 
Figure 139   Energy plot for Walking B 
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Figure 140   Energy plot for Walking C 
 
Figure 141   Energy plot for Walking D 
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Figure 142   Energy plot for Walking E 
Table 30 provides a summary of the results from the different Walking passes. 
Table 30   Energy Transfer Results Summary for Walking 
 ETP [%] Etrans [mJ] Eret [mJ] Etot [mJ] Rear deflection 
Walking A 21.70 888.51 892.59 3769.65 4.89 
Walking B 21.05 817.93 845.27 3548.73 4.87 
Walking C 12.84 353.77 350.82 2558.16 3.55 
Walking D 5.33 169.93 205.63 2983.65 3.92 
Walking E 21.06 777.86 776.39 3433.99 4.62 
The analogous simulated energy plot for the average force plate data is shown as Figure 143. 
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Figure 143   Simulated energy plot for averaged force plate data 
If we assume that the force would be similar for a shoe with a reversed side link angle then we 
can also simulate what would happen is the side links were designed to be reversed. This shows 
how important it is to select the correct angle. See Figure 144. 
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Figure 144   Simulated energy with side link angle reversed 
 The resulting parameters from these two simulations are displayed in Table 31. 
Table 31   Simulated energy transfer results for averaged force plate data  
without and with reversed side link angle 
 ETP [%] Etrans [mJ] Eret [mJ] Etot [mJ] 
Average force 13.22 468.74 482.82 3277.82 
Average force 
reversed angle 
-17.27 -494.60 -501.89 3226.43 
 
9.9.5. Conclusions 
Testing of the DET shoe has confirmed the successful application of principle to yield 
directional energy transfer. A four bar linkage system can be used to produce an ergonomically 
sound shoe that provides directional energy transfer. 
  
 170 
 
9.9.6. Discussion 
Testing with the prototype shoe has yielded much useful information. Athletes reported that the 
shoes were comfortable. After an initial period of becoming accustomed to the new feel of 
locomotion subjectively felt its benefits. Experiments revealed the difficulty of walking 
naturally and hitting the same mark for the stride. Numerous passes of the athlete needed to be 
discarded due to this variation. The data that was selected for further processing was from 
passes in which the foot was within ±2.5mm of the intended mark. This resulted in some 
variations in the force profile and energy plots obtained. In all test cases there was significant 
directional energy transfer as indicated by ETP, Etrans and Erh. The Etot varied depending on how 
much rearward deflection was observed, as expected.  
The simulation of the system using a numerical model was done with averaged force data 
and agrees well with the energy curves from the individual test passes. It also allowed for us to 
determine how the shoe would have behaved if the side link angle were to be reversed. The 
presence of negative ETP and Etrans indicates that energy is transferred from forced acting in the 
forward direction to forces acting in the upward direction. The negative Erh indicated that 
energy is being released as force that acts to slow down the athlete. This highlights the 
importance of optimising the angle of the side link to deliver directional energy transfer. 
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10. The commercialization process 
The process of commercialising this technology can be very straightforward. Existing 
shoe designs are not capable of delivering DET however with some modifications to the 
design DET could be utilised. The Adidas spring blade shoe is one such example. The Adidas 
spring blade shoe (see Figure 110) fails to provide any performance advantage with regards to 
the principles of Directional Energy Transfer from a theoretical perspective. On the contrary, 
the forces of the shoe would act to reduce performance of the athlete. 
To improve shoe performance the blades could simply be reversed in direction as 
discussed in Fuss (2013). This would simply require a suitably designed injection moulding 
tool. This is not a guarantee that the shoe would deliver the optimum directional energy 
transfer. Designing an optimised shoe using this approach requires additional investment in 
the design of the blades themselves. 
An alternative approach is to develop further the test bed shoe developed in this project. 
Making an aesthetically pleasing mass produced shoe based on the principles developed in 
this thesis. While this is more involved it would result in a superior design with more 
longevity and performance. 
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11. Conclusions and recommendations 
11.1. Key Results 
This investigation has discovered a number of new developments to with energy efficient 
walking and running. Some of the most important results are: 
• Directional energy transfer has been applied to running shoes to improve athlete 
performance successfully. 
• Shoe and material construction for directional energy transfer has resulted in practical 
knowledge about successful design for directional energy transfer. 
• Methods of measure directional energy transfer have been successfully applied. 
• Shoe optimisation to maximise directional energy transfer has been successfully validated. 
•  Existing examples of directional energy transfer available in sports shoes have been found. 
They were however counterproductive and would need to be modified based on the 
technology developed in this thesis. 
• The quantitative significance of directional energy transfer has been established. 
11.2. Potential improvements and future developments 
There is potential to incorporate the technology into a shoe for sports other than walking 
and running. Hiking, tennis, basketball, hockey, etc. may all benefit from the technology. So 
far only forward motion has been considered. For sports that require rapid sidewards motion 
there is potential assistance from directional energy transfer. 
11.3. Final Summary 
This document has explained the concept of directional energy transfer in the context of the 
broader literature and explained how directional energy transfer can be incorporated into 
running shoes. The practical development and application of the technology was shown based 
on a logical engineering approach. 
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12. Discussion 
This section shall compare the overall project results with the aims of the project expressed 
at the beginning of the project. 
 The first aim was to develop mathematical/numerical models of different energy transfer 
systems (mechanisms) to predict how much energy is transferred from one direction to another 
direction by simulating the forces applied to a shoe sole or sports surface during running, and 
to optimise energy transfer through parametric optimisation. This aim was very successful. The 
mathematical models for a number of one and two degree of freedom mechanisms was 
established in a thorough and systematic way. The numerical modelling of practical solutions 
too resulted in a greater understanding how to optimise a mechanical system and what to 
actually optimise. The second aim was to develop a classification system for energy transfer 
systems (mechanisms). This aim was met be considering the number of degrees of freedom and 
whether the mechanism was planar or special. Only Planer mechanisms were considered in this 
investigation because it is the most relevant to running. Future investigations could include 
spatial mechanisms for sports where lots of lateral movement is needed like for example Tennis. 
The third aim was to develop a test method to quantify the efficiency of energy transfer in 
structures and systems. This was achieved and applied to the developed prototype shoe 
successfully. Testing was also conducted on multiple DET structures. This was not successful 
and verified the qualitative presence of DET only. Future investigations into the technology 
may well develop planar measuring apparatus able to more directly measure DET. This would 
involve quite a sophisticated and potentially expensive apparatus. The fourth aim was to 
manufacture structures (shoe soles) for directional energy transfer based on the results of the 
first and second aims and test them with the method developed in the third aim. This was 
achieved showing a qualitative presence of DET. The fourth aim was to develop a shoe sole 
with optimised energy transfer as well as a new type of sports shoe prototype. This was done 
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with successful results. Further development in the field could involve making the prototype 
more manufacture ready. Overall the project increased the level of understanding of Directional 
Energy Transfer. The project successfully demonstrated the application of Directional Energy 
Transfer in a fully functioning prototype shoe. This is a world first and a significant contribution 
to our understanding of how to maximise runner performance. 
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Appendix A: Details of Prototype Assembly 
The different members of the assembly are itemised and named in Figure 145. 
 
Figure 145   Biomimic shoe components 
Both feet of the athlete will be fitted with a shoe based on an identical assembly. Each shoe 
will have a plate width of 100mm. The side view in Figure 146 has many of the shoe assembly 
dimensions. 
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Figure 146   Biomimic shoe dimensions (side view) (~100mm deep) 
 
The links are held together using steel pins with e-clips on either end. The pins are shown in 
Figure 147 
 
Figure 147   Biomimic shoe pin isometric drawing 
The e-clips used are shown in Figure 148 and dimensions are given in Figure 149.  
 
Figure 148   Circlip image. ECL-02.007-02.794A-CS. Small parts and bearings. 
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Figure 149   E-clip dimensions 
Each of the individual components are shown in isometric view in Figure 150, Figure 151, 
Figure 152, Figure 153 and Figure 154. 
 
Figure 150   Biomimic shoe toe piece 
isometric drawing 
The toe piece shall be manufactured using rapid prototyping. The material will be ABS because 
it has good stiffness and strength. 
 
 
Figure 151   Biomimic shoe side link 
isometric drawing 
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Figure 152  Biomimic shoe coupling link 
isometric drawing 
 
Figure 153  Biomimic shoe base plate 
isometric drawing 
 
Figure 154   Biomimic shoe top plate  
isometric drawing 
  
 188 
 
Appendix B: Details of Reversed Prototype Assembly 
 
 
Figure 155   Reversed Slider Biomimic shoe components 
Both feet of the athlete will be fitted with a shoe based on an identical assembly. Each shoe 
will have a plate width of 100mm. The side view in Figure 156 has many of the shoe assembly 
dimensions. 
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Figure 156   Reversed Slider Biomimic shoe dimensions (side view) (~100mm deep) 
The assembly is held together in the same fashion as the Biomimic shoe with the same e-clips 
(See Figure 148 and Figure 149) and the same pins (See Figure 147). The same Side link (See 
Figure 151) of the shoe is identical to that of the original Biomimic Shoe. The rest of the 
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individual components are shown in isometric view in Figure 157, Figure 158, Figure 159, 
Figure 160, Figure 161 and Figure 162. 
 
Figure 157   Reversed slider Biomimic shoe toe piece  
isometric drawing 
 
Figure 158   Reversed slider Biomimic shoe reversed slider actuator link  
isometric drawing 
 
Figure 159   Reversed slider Biomimic shoe reversed slider actuator side link  
isometric drawing 
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Figure 160   Reversed slider Biomimic shoe reversed slider actuator  
isometric drawing 
 
Figure 161   Reversed slider Biomimic shoe base plate  
isometric drawing 
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Figure 162   Reversed slider Biomimic shoe top plate  
isometric drawing 
Mounting of the upper on the top plate is done in an identical way to the Biomimic shoe 
prototype. 
 
